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<\ ABSTRACT

A case of explosive extratropical cyclogenesis in the
North Pacific is analyzed employing gquasi-Lagrangian diag-
nostic ta2chniques ii isobaric\lcoordinates. The First GARP
Global Bxperiment (FGGE) Level ITII-b data set from the Buro-
pean Center Fcr-Medium-range Weather Forecasting (ECMWF) is
used in a synoptic investigation and mass and vorticity
budget diagnostic evaluaticn of storm davelopment.

Mid-tropospheric positive vor+ticity advection (PVA) acts
in cecncert with 1low-level thermal advection <o enhance
surface layer c¢xrganizaticn during the ini4ial pericds.
Explosive Jevelopment occurs under upper-level zonal flow
when +the surface system, develcping along the 1low-level
baroclinic zcne, moves ounder the front 1l2f+ quadrant of a
strong Jjet streak. Stability in <the lower <tzoposphere
decreases steadily as an intense two-layer mass circula%ion
is established. The divergence t2rm provides +*he largest
contributicn to the vorticity +*endency 3during <explosive
development due to substantial surface layer coavergence aad

upper-level divergence.




Il

II.

III.

Iv.

vI.

-

TABLE OF CONTENTS

INTRCDUCtICN o e . e 8 e e o s o e - s e - * e

ENVIRCNMENTAL DATA EASE DESCRIPTION . o « « .« &«

A.

B.

EGGE DBTA . o L] e o o . e - o o . e e - . e

SUMMARY OF ANALYSES AND PROGNOSES UTILIZED

QUASI-LAGRANGIAN DIAGNOSTIC (QLD) TECHNIQUES .

SYNOBTIC OVERVIEWN . ¢ o ¢ ¢ o o o o o o o o o o

A.

B.

C.

GBNEEAL L] e e e e o = e o . . e - .« o . - e

MODEL EREDICTION PERFORMANCE . . . . « . .

SYNOPTIC DI SCUSSION - L] - - Ll . - L] . - - L]

MASS BULCGET ANALYSIS ¢ « « ¢ o o o o« o o o o &«

A.

B.

GENERAL ¢« o ¢ ¢ o ¢ o o o o o s o o o o o &«
FOTENTIAL TEMPEERATURE ANLD STATIC STABILITY
ANALYSIS o o o o o o o o s s o o o o o s o
HCRIZONTAL MASS FLUX .« o 2 o ¢ o o o o o &
VERTICAL MASS TRANSPORT « ¢ o ¢ o o o o o o

CONCIUSIONS ¢ o o « o o o« 2 « o o o o o o &

VORTICITY BUDGET ANALYSIS . ¢« ¢ « o o o o o o« @

a.

B.

GENERAL ¢ ¢ ¢« ¢ o ¢ ¢ o o ¢« o« o o s s o o «
TIME SECTIONS , TIME TENDENCIES AND SELECTED
PROFILES o o o o o o« o o o« o o s s o o o @
LATEEAL TEANSPORT o ¢« o « o ¢ o« ¢ o o o o o

MEAN MCDE LATERAL TRANSPORT « ¢« ¢ ¢ ¢« o o &

12

18

18

21

22

29

29

30

33

49

49

50

54

59

61

63

63

64

68

Al




BT T

E.

F.

EDDY MCDE LATERAL TRANSPORT

VERTICAL REDISTRIBUTION . .

SOURCES AND SINKS « « - . &

EESIDOUALS ¢ ¢« ¢ o ¢ ¢ o o &

CONCIUSIONS ¢ « o o o o o o

VIT. CONCLUSICNS AND RECCMMENDATIONS

APPENLIX A.

APFENDIX E. TABLES ¢ « ¢ o o o « o o

APPENDIX C. PFIGURES .« « ¢ ¢ ¢« « o o

LIST OF REFERENCES . &« ¢ ¢ o o o o« &

INITIAL DISTIRIBUTION LIST . . « . . .

- ——

FGGE DATA BIAS CHARACTERISTICS

73

77

80

82

84

87

89

93

100

151

153




TABLE

TABLE

TABLE

TABLE

TABLE

TABLE

yomem .- -

I.

II.

III.

Iv.

vI.

LIST OF TABLES

Availability of PGGE Data « « « o o « « o «
Listing of Analyses and Prognoses Utilized .

Generalized CLD Budget BEquation in Iscbaric
Ccordinates . « ¢ o o o o o o o o o s o o o

¢1D Mass Budget Bquations in Isobaric
Ccordinates "« ¢ o « ¢ o o o o o o o ° o o o

CID Circulaticn Budget Equations in Isobaric
Ccordlnatas L L] - - - - . - - * - L] - L] - -

Mean and Eddy Mode Transport Equations . . .

93

94

95

96

37

99




dee

Figure
Pigure
Pigure

Pigure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Fiqure

Pigure

Figure

Pigure

LIST OF FIGURES

The Cverall Data Management During FGGE . . 100
Stcrm Track Positions and SLP Analyses. . . 101
36-h Porscast SLP and Storm Position Errors. 102

ngggtic Fields for 0000 GMT 12 January

. . o . . e - L) - - . - . e e - 103

DMSP Visual Satellite Imagery Zor 0041 GMT 12
January L * L] Ld - - L ] L] - - - - - - L - - 1ou

DMSP Infrared Sa*ellite Imagery £for 0041 GMT
12 JANUATY « ¢ ¢ ¢ o o o o o o » o o« o s « 105

Same as Figure 4 oxcept for 0000 GMT 13
January * * L ] - - L d ] L ] - L] L - - * - - - 106

Same as Pigure 5 except fcr 2341 GMT 12
January - - . - - - - - - - L - L - . - - 107

Same as Figure 6 except for 2341 GMT 12
Jan“ary - - L] - L] - - - - - - - L] L] . - - 108

Same as FPigure 4 =2xcept for 0030 GMT 14
JEANUArY ¢ o o o « ¢ o o o o o s o o a & o 109

FNCC SST Analysis valid 1200 GMT 14 January 110

Same as Pigure S5 except for 1405 GMAT 13
JANUATY « o o e o o o » s s & o = = o o o 11

Same as Pigure 6 except for 1405 GMT 13

JANUALY o « o ¢ o o o s o o o o o « « 112

Same as Pigure 5 except for 0023 GMT 14
JANUALY =« « o e o « « o o« o & o o s o « « 113

Same as Figure 6 except for 0023 GMT 14
JANUATY « « « e « o s « o o o« o o o o =« « 14

Same as Figure 4 3xcept for 1200 GMT 14
JANUALTY o « o o ¢ o o« o o « « o o s = « o 115

Same as Figure 5 oxcept for 1205 GMT 14
Januuy - - L] L] - L] - - L] - - L] - - L] . - 116




Figure

Pigure

FPigurs

Pigure

Pigure

Figure

Figure

Pigure

Pigure

Figure

Fiqure

Figure

Figure
Figure
Figure
Figure
Pigure
Figure

Pigure

18.
19.
20.
21,
22.
23.
24.
25.
26.
27.
28.
29.

30.
31.
32.
33.
34.
35.

36.

Same as Figure 6 except for 1205 GMT 14
Januuy - - - L] L] - . L L] - - L] L]

Same as Pigure 4 except for 1800 GMT 14
Januuy - - - L] L] - L] - - - - L] - L] . -

Same as Pigure S5 except for 2124 GMT 14
January L ] - - L] - L] L] - . L ] L ] L] - - . L]

Same as Figure 6 except for 2124 GMT 14
JANUATY ¢ =« o o o © o o o o o s s o o «

Same as FPigure 4 except for 0000 GMT 15
January - - - L] L ] L] L] - - - - - - - - -

Same as Figure 4 except for 0000 GMT 16
JANUATY « o o o o o o o s o o o s = =

Same as Figure S 2xcept for 1005 GMT 16
Jan uary - L] [ ] - L] L ] - - - - L] L] - L - L]

Same as Figure 6 except for 1005 GMT 16
January - L] - L] - L L] L] - - - L] - - L]

Same as Pigure 4 except for 0000 GMT 17
Jan uary - - L ] - - - - - - . e L] . - - -

Area-Averaged Potential Temperature Time
Sectlons L] - - - - - L] - L] - L] - - - - -

Stability Index ¢« ¢ + & & ¢ 4 e 2 4 o o o

Ccrrected Lateral Mass Transport Time
SECtI0ONS o« = ¢ ¢ o o o « o 2 o s o o o o

Radial Section of Lateral Mass Transpor+
Radial Section of Lateral Mass Transpor:
CILC Cerived Vertical Velocities « . . . .
FGGE Derived Vertical Velocities . . . .
Kirematic Vertical Velocities . « . « « «
Budget Volume Absolute Vortici*y . . . .

Area-averaged Absolute Vcrticity Vertical
Time Sections . . « . ¢ ¢ v ¢ o o o o« &

118

119

120

121

122

123

124

128

129

130

131

132

133

134

135




Figure

Figure

Pigure

Figure

Pigure

Pigure

Figure

Pigure

Figure

Pigure

Figure

Figure

Figure

Pigurse

Pigure

37.

38.

39.

4o.

41.

“2.

43.

44.

45.

u6.

a‘,-

ue-

“9.

50.

51.

Absclute Vorticity Vertical Time-Tendency
Sectlons L] L] - - . L] L] L] L] L] L] L] * - - -

Tctal, Mean and Eddy Mcde Lataral Vorticity

TTARSPOLT ¢ o o o o o o o o o o o = o o

Same as Figure 37 except for Lateral
VOorticity Transporte « o o o « o o o o o

Same as_Figure 37 except for Mean Mode
Lateral TrANSEOrt. o« ¢ o o o o o o o« o »

Same as FPigure 37 except for Eddy Mode
Lateral TLANSPOLte o o « « o o « o o + @

Same as Figure 37 except for Lateral
Vorticity Divergence. . . « o o & « « o«

Same as Pigure 37 except for Lateral
Verticity Advectione « ¢ ¢ ¢ o o o o o

Divergence of the Vertical Traasport.

Same as Figure 37 except for Vertical
Verticity Divergence. . ¢« « « « o « o @

Same as Figure 37 except for Vertical
Verticity AAvectiONe ¢« v « o ¢ « o« o o @

Same as Figure 37 except for ths Tilting

Terﬂ. LI . . e . - . . e e e o - s o

Same as Figure 37 except €or Frictional
Cissipatidn. o « ¢« o ¢« &« o« ¢ o o o o « @

Same as Figure 37 except for Budget
Fesidualse « o « ¢ o ¢ ¢ o o o a o a o o

FGGE 6-h Radius 6 Vorticity Budget Fizlds

FGGE 6~h Stability Trace. « « « o « o o »

10

. 136

Ld 137

. 138

« 139

« 140

« W1

L] 1“2

. 143

- lu4 i
!

« 145

. 146

« W47

« 148

. 149

. 150

#oo




ACKNOWLEDG EMENT

Suggesticns by Jim Peak and Mike McDerme:t 1n computa-
tional and graghics areas vwere greatly apprecia%ed. Had it
not keen for their ready ansvwers to perpiexing problenms,
many hours would have needlessly beer spent. I would also
like to thank the many ccurteous and industrious computer
operators at the W. R. Church computer center. A special
thanks goes to [Cr. R. L. Zlsberry for his critical arnd
axtensive review of this document. I sincerely appreciate
all thke *ipe and efforts of Dr. C. H. Wash. This thesis
woulé not have been started were i+« not for his suggestions,
knowledgeaktle insight, and direction. Pipally, &and wost
importantly, my love and Leartfelt thanks are extended %o my
wife, Bartara. Witbout her unfailing support this thesis

2ffort would never have bezn accomplished.

1



[ —

I. INTRODUCTION

Extratropical maritime cylomnes cestrict commearcial,
industrial aad military use of the sea. The more irnterse
storms which form over very small time periods ar:z espe-
cially dangercus to navigation due to tha effects of the
associated wind, waves and visikility restrictions. Accu-
rate and reliable predicticn of +hese atmospheric processes
has keen a goal for many decades. During the pas+ few dec-
ades, significant advances in forecasting these syroptic-
scale atmospheric circulation fea*ures hav2 bsen realized
through the developmernt of numerical weather »orediction
(NWP) models.

®hile current numerical wmodels provide sa*isfac+cry
accuracy in forecasting mcst synoptic-scales prccesses, +they
perfcrm pocrly in predicting the predominantly cold-season
explcsive genesis of maritime cyclones. Sanders and Gyakunm
(1980) define explosive cyclogenesis as an =2axtratrcpical
cyclcne which undergoes central pressur2 falls of at least 1
ab/h for 24 h, Accurate forecasting of thase meteorological
events is lisited by ¢the scarcity of observations over
oceanic areas, which inhibits the model initialization pro-
cess, and by the smaller spatial and temporal scales of the

axplcsively developing cyclons.
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Accurate forecasting of <these maritime events is of
great significance to commercial, industrial and military
organizations which routinely use the oceans in the trans-
acticn of business and in the fulfillment of commitments.
Several recently publicized examples, specifically, the lcss
of the Russian trawler Metrostoy (Mariners Weather Lcg,
1979), and tbe sinking of the o0il rig Ocean Ranger (Lemoyne,
1982), illustrate only 2 minute fraction of the total loss
of 1life and ogperational hazards associated with <+hese
intense metacrolcgical events.

Explosive deepening is a charactzaristic of the vast
ma jority of the most intense cyclones (Sanders and Gyakum,
1980). 1In connection with associated severa weathar and the
failure of numerical forecast models *o accurately predice
*hese events, it is of paramount importance <tha* +he
processes which contribute to the formation of these vigor-
ous storms be ¢xamined and fully understood. Several recent
studies have focussed attention on detailed analyses of
these processes. Roman (1981) completed a mass budget study
and Conant (1982) completed a circulation and angular momen-
tum tudget study of a case of east-coast cycloganesis.

Intercoapariscns c¢f these results with conclusions derived

13




in this thesis Fprovide valuable insight into the fcrma*iva
mechanisms of maritime extplosive cyclogenesis and lead tc a
general guantitative understapding of the forecast problenm
associated with these intense systenms.

This thesis is part c¢f a broadly-based research effor+
attempting tc understand better the formative processszs
inherernt in the genesis of maritime cyclones. Specifically,
this study concentrates on a clearly d2fined =structured
apprcach to “he aralysis of a case of explosive cyclogenesis
over the Ncr*h Pacific Ocean during the period 12-17 January
1979. The mass and circulation (vorticity) budgets are
examined using quasi-lagrangian diagnostics (QLD} as devel-
oped by Jchnscn arnd Dcwney (1975 a and b) in order to decer-
mine the role cf dynamic forcing in +he budget voliume. The
local contributicen of vorticity scurces and sinks and the
var+tical and bczizontal mass and vorticity transports are
specifically explored.

Identificaticn of these processes 1is uniquely interest-
ing in that the cyclcne under study consists of the classic
frontal wave development from strong low 1lavel baroclinic-
ity. The distinquishing feature is the absence of a strong

migratory short wave aloft, which categorizes this storm as
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a Petterssen type-A =svstem, as oppnsad to the type~-B fea-
ture which ccntains a 500 nb short wave responsibls for <the
rapid surface deepening (Fetterssen and Smebye, 1971). In
the typa-A case, the flow alof+ 1is predominan+ly zonal
through the early explosive deepening phase with positive
vorticity advection of mirer significance. Low level thec-
mal advecticn plays the important role in the deeperning
process. This thesis is believad to be one of the firs+
detailed analyses of this <class of wmaritime storms. In
addition, the vast majority of explosive despeners form in
the North Pacific Ocean (Sande2rs and Gyakum, 1980). Inas-
much as +he mcst severe weather is directly associa*ed with
these severe storms, this study assumes particular signifi-
cance 1ia a%tempting to understand this meteorological
phencmenon in crder tc mirimize its disastrous effects.

The specific approach employed in this thesis is the use
of QLD techniques in an isobaric spherical ccordinate systenm
which is translated with the stcrm. Horizontal advection
associated with wave translation is isola*ed from tha rela-
tive advecticn and the divergence of the <+ransport associ-
ated with cyclone development. The fluctuarions of

metecrological variables are *hen analyzed through the use
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of a cylindrical budget volume cern*ered on and transla*ing
with the <c¢yclcne surface center. Vertical distributicas,
lateral exchanges and sources and sinks of cyclone proper-
ties resulting from purely developmental processes are then
analyzed. Application of QLD techniques in studying cyclone
development (Wash, 1978) has proven valuable in diagnoses cf
poorly forecast storms, and Romar (1981} and Conant (1982)
have demcnstrated QLD applicability in detailed analyses of
east-coast cyclogenesis.
The main cbjectives of this thesis are:

e A synoptic investigation of <the classical frontal wave
cyclogenesis in the WNcrth Pacific Ocean;

e A sgnoptic agsessment of the validity of <he First GARP
Global Experiment (FGGE) ,£ data and tha quality of the
PGGE analyses for degicting storm dyrnamical processes;

e A diagncstic investigation of storm dynamics  through
the usSe of CLD budget analyses of mass and vorticity.

The detailed analyses of these processes is further
aided by an exceptionally strong supporting data base. The
case under study occurred during the first special observa-
tion periocd (SOP~1) of the Pirst GARP Global ©PExperiment
{FGGE) . This FGGE data set was assimilata2d by the European
Canter for Mediumrange Weather Forecas*:ing (ECMWP) anrd
obtained through the ausgpices of the Goddard Space Flight

Center. This data set is special, in that observa*ions from
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aircraft, shirps, buoys and satellites gatherad during an
intense collection effort wers maaually checked and then
systematically ’ integra+ted into a dense ne+work of
observations. Consequently, the supporting data base ana-
lyzed in this thesis effort is exceptionally broad-based,
complete, and integrated into a vell-diversified
observational network.

Quantitative analysis cf PGGE-type data bases gives spe-
cific insights into development processes inherern*t in mari-
time explosive cyclogenesis. In the followirng chapters,
examination of the FPGGE data (Chapter 2) and ar abbrsviated
description cf QLD procedures (Chapter 3) are presen+ed.
Chapter 4 discusses the cyclone under study through a syncp-
tic cverview which highlights significant flow pa*terns and
associated uprer and lover-level featurss. Chaptzrs 5 and 6
present the results of the budget calculations and Chapter 7
contains specific conclusicns from thase budget calculaticns

and discusses reccamendaticns for further research.

17
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II. ENVIRONMENTAL DATA BASE DESCRIPTION

A. FGGE DATA

Curing the first special observation period (SOP-1) of
the Global Weather Experiment, <+he largest concentration of
metecrological resources ever assembled was deployed *o
observe the a+tmcsphere and oceans. Th2a quali+ty of “he dat*a
genrerated frcm this effort marked a milestone in the
develcpment c¢f numerical weather pr2dicticn models and
synoptic metsorclogy in general, By any standard, this
experiment <shcwed an unparallelad example of =scientific
cooperation and excellent resource managament.

The FGGE 1level III-b data set used in this thesis was
cons+*ructed £frcm observations integrated through a data
assimilaticn system at ECHMWF. Bengsston e+ al., (1982)
describe the system as a three-dimensional, wmultivariate,
optimum intergclation scheme using a acnlinear aormal-mcde
initjalization and an automatic system for data checking.
The direct field-level observations (Level I-b) were trans-
formed into *he tasic metecrological vaciables (Level II-b),

which constituted the basic meteorolcgical product of the

18
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experiment. A 15-level model with horizon*al resclution c¢£
1. 875 degrees of latitude and lorngitude was used to +trans-
form the 1level II-b data to Level III-b. At the III-bt
level, the <¢lservations werse manually checked and objec-
tively analyzed into a set of dynamically derived meteoroclc-
gical fields. The flowchart of <this data assimilation
process is depicted in PFPig. 1. The FGGE Level IIT-b data
pzoduction effort was coppleted in June 1981 and the data
fields were catalogued for 6-h observations for all s+andard
levels up to and including 10 mb. A detailed description of
this assimilaticn scheme can be found in Bengsston et al.,
{(1982).

The PGGE data base is currently undergoing validation by
a variety cf grcups. Roman (1981) and Conant (1982) demon-
strated its validity on a case of east-coast cyclogenesis.
In ar independent assassment of the FGGE data set, Halem =t
al., (1982) rresent a detailed analysis in connecticn with
the coverage and accuracy of the remots sensing portion of
*he network covering the cceanic regions. Analyses bas=2d on

these iaputs provided the fcllowing conclusions:
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e The FGGE ckserving s¥ste? has a positive effact on
forecas* skilli using S1 criteria;

e Significant correcticns ¢to the 300 @b £first guess
fields cccur over ocecanic regions with the PGGE data;

e Nearly all of the forecasts that ratain useful skill by
day five shcw a positive impact from the FGGE system;

e In certain sgnoptic situations, the PGGE observing sxs-
tem 1is capable of measuring *he atmosphere_ globally
with sufficien* accuracy for current NWP models to make
useful exterded-range forecasts beyond one week.

These and other conclusicns as well as a detailed descrip-
tion of the aralysis scheme can be found in Halem et al.,
(1981) and Baker et al., (1981) . I+ is 2vident from these
and cther studies that the FGGE Level III-b data set pro-
v.des a strcng foundation for accomplishing +the objectives
of this thesis.

A summary of the PGGE data availability by £fisld-+type
and level is depicted in Table I. The advantages of +his
type cf augmented data support over the standard data base
include:

e A ccnsiderably richer data base, particularly over
data-sparse oceanic areas;

e The high resolution grid is convenient for depictin
the smaller synoptic-scale fe2atures associate wit
cyclcgenesis;

e PBasic and derived fields (vertical velocity, humidity,
etc.) are included in the data set;
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e The full area _of cyclogenesis and storm <+ransla+icn
enjoys sigilar data Ccvefage.

These significant advantages demonstrate <+he value of the
PGGE Level III-b data set in guantitative analyses of stoctnm

features.

B. SUMMARY OF ANALYSES AND PROGNOSES UTILIZED
Three sets of analyses are utilized ir this thesis:

e National Meteorological Cen%ter (NMC) analyses acd prcg-
noses;

e Fleet Numerical Oceanography Centsr (PNOC) analyses and
Erogncses;

¢ ECMWF Level III-I analyses.
These analyses are used in conjunctiocn wi<h tha synoptic
discussion (Chapter 4) and for <+“he verification of the
forecast prcblem alluded tc earlier. A complete listing of
all analyses and prognoses utilizad in this s<udy 1is con-
+ained in Table II. A complete description ¢f +the FNOC
products can Lte found in the U.S. Naval deathsr Service

Numerical Environmental Products Manual (NAVAIR 50-1G-S522).
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IIT. CUASI-LAGRANGIAN DIAGNOSTIC (QLD)
TECHNIT

To derive generalized budget analysis techniques for
processes related to cyclcne development, changas in the
budget volume prcperties due to migration of +the system must
be separated tc isolate true davelopmental trends. In *he
past, syncptic~scale diagnostic approaches 2.9. Kung and
Baker, 1975) evaluated storm procasses relative to a fixed
coordinate systenm. This type of approach is effective for
selected time periods when storm translation is negligible,
but suffers markedly when applied +o rapidly <=ranslating
systems of appreciable intensi-y. In particular, changsas
may cccur due ¢tc system ncvement, system development, oOT
both. The only accurate approach to assess true developmen-
+tal fluctuaticns asscciated with cyclone development is =c
construct a mcving budget volume centered cn some distin-
guishing storm feature. In this way, horizontal advection
associated with wave translation may be isola*ed. In addi-
“ion, any vertical redistribution of a budget property may
be analyzed in teras cf vertical transport processes within

+the cyclone tudget regime. QLD *echnigques employed in <¢his
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thesis prcvide the means fcr this type of approach. Rcman
(1981) and Conant (1982) have demonstratad the validity of
this type cf aprrcach on a cass of east-coast cyclogenesis.

To study the £fluctuations in any storm proper:y, a
generalized budget equation is constructed in terms of <he
store budget cocrdinate systen. The 2quation consists of
the +time rate of change of the desired budget gquan+tity
(d£/4¢t) and the lateral flux <transport, vertical flux
transport and sources/sinks (see Table III). The equation
is applicable to the storm budget volume in spherical cocr-
dinates. Thke spherical pertion of the atmosphere incorpo-
rated within the budget vclume is approximated by a cylinder
focr ease in ccmputations and definition of budget proper-
ties. This approximation is valid for th2 relatively +*hin
slat of atmcsphere (1000-100 ab) selacted for budget
anal yses.

The fcrmulatien of tke storm budget coordinate systenm
and details cf the budge+t equation notation are discussed by
Wash (1978). 1The storm budget volume is d2fined in terms of
10 manda«ory fpressure levels in the vertical, and in the
horizontal by outwardly directed radii originating froam a

central peint. Por example, the budget property at a point
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may te analyzed Lty describing the level/laysr (1000/925 aL),
the budget radius in degrees of latituds from the s*orm
center (6), and the quadrant desired (grid points 1-36).
The mass and vor-ticity ‘tudget equations employed in +*his
analysis are depicted in Tables IV and V respectively.

In the mass tuvdget (Table IV), the general equa*ion rep-
rasa2ntiag the change 3in mass with time is composed of con-
tributions £frcm lateral and wver*ical tracspor=*s. The
lateral transgcer* term regresents the n2t horizontal conver-
gence of mass flux within the budg2t volume. The vertical
transport is calculated through the us2 of derived ver+ical
velocity fields ard 1is recessarily 3 ceflection of nqet
la+teral flux intc the volune. Applicazion c¢f boundary ccn-
di+ticns “hat vertical moticn is zero at the <=op and bo%tom
surfaces of the budget vclume simplifies the equation, as
shewn in the giddle of Takle IV.

Several useful relaticnships can be derived £rom this
simplified equation and the boundary conditions. Con<tribu-
tions to the mass time tendency in isobaric ccordina<es
arises <chiefly from pressure fluctua*ions in the surface
layer, as the cther layers in the budget are fixed pressure

surfacas. This tern is compuzed easily and with
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considerable accuracy. The net lateral mass transpcr<s in
the layers are calculated from the wind fields and necessar-
ily balance the vertical transports through continuity.
EBrrors in +the wind fields cause the vartically :ictegrated
lateral mass +ransport +to differ from <+he vertically
integrated nmass tendency, ard cause a residuai in the
budget.

Application of the boundary conditions to the divergence
of the vertical transport causes the vertical sum *¢ vanish,
and thereby isolates the residual correction which must be
applied layer by layer +tc force <the vertical sun of <hs
divergence tc zero. The O'Brien (1970) linear correc+ion
scheme is utilized to correct for these residual imbalances.
The upper layers are weighted mor2 Jdue t0 the greatar inac-
curacies of the wind measurements at thesz lavels. Thase
corrections are applied +¢c the lay2:r mass <“rCansports, and

are ccmbined with the <+ranslaticn correction (discussed

2arlier) to give <the final corrected £form of “he nmass
“ranspor+t term. The vertical velocitiss representing +he
vertical mass +transport are then Tacoveread through
continuity.
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In the vorticity budget formulation, ¢the contributiorns
to vorticity changes occur from lateral and vertical fluxes,
sources and sinks (Table VvV, Section A). The flux
(transport) terms can be expanded into divergence and advec-
+ion contributicns by the use of vector identities (Table V¥,
Section B8), which facilitates fur<ther insight into the phys-
ical processes *hey represent. The source/sink *“erms arise
from net generation/dissipation of vorticity within +the
budget volume, and in ischaric coordinates are comprised of
divergance, tilting and friction components. Notice <that
three divergence terms arise from this exparnsion of the
general vorticity budget eguation. The horizontal *ransport
componen+~ is identical to the source divergencs *+erm, and
the horizcntal and vertical tzansport components are‘equal
and opposita. Thus, the net contribution of divergence ir
the tudge+t is wpanifest in <he source tern. A specific
breakdown of the partiticned vor+<icity budget equation is
presented in Section B of Table V.

To isolate the contributions of both the rotational and
irrotational wind components to the +ranspor% of a desired
budget quanti+y, mean and eddy modes (analogous to

divergence aad advection terms ir the vorticity equatior),
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are derived frcm the transport <¢eras (Table VI). The pur-
pose of “his technique is tc isolat2 the changes irn “he mean
budget properties from th¢se occurring oa the 244y scale.
Thus, a ccmprehensive analysis of +he lateral and vertical
flux terms can be made by separating them into mean and eddy
mode contributions and ccmparing <them wi%*nh the divergence
and advection terms for analysis of the physical procasses
they represent. The relation of the mean/eddy mode and
divergence/advection partitioas to the to%*al transport is
also illustrated in Secticn B of Table V.

The budget analysis tegins with the choice of the par-~
ticular [prcperty to be analyzed. Th2 next step in the
budget calculations consists of interpolating <+he u and v
compcnents of the FGGE data set¢ onto the cylindrical budget
volume grid. Next, *he interpolated winds are ccaverted to
+angential and radial compcnents relative <to the outar vecl-
ume boundary ané «riected fcr storam metion. In this form,
the data arsz ready to bte used in <he budget equaticns
discussed above, Derived fields (moisture, vertical veloc-
ity, kinetic energy, etc.), not directly used iIn budget com-
putations «can be used +tc¢ supplement insight iato storm

dynanmics. Interesting comparisons between FGGE derived
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vartical velocity and QLD calculat=d vertical velocity, for
example, serve to validate the QLD techaique approach.

The QLD apgrcach provides insight into the following key

properties:

e The magnitude and significance of the horizon+tal mass
transgCrt structure;

e The magnitude and significance of the horizontal vor-
ticity transport structure;

e The vertical transport structur2 of mass and vorticity
derived frem vertical motion estimates;

e The magnitude and nature of source/sink con+<ributions
to budget analyses.

The next chapter discusses the development sequence of +the
stors thrcugh a synoptic discussion wutilizing synop+*ic

fields, analyses and forecasts, and satellite imagery.
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IV. SYNOPTIC OVERVIEW

A, GENERAL
Oceanic cyclcgenesis mechanisms can in part be portrayed
by graphical representaticn of per+tinent meteorological and

oceanic fields. This chapter explores the synoptic condi-

ct

ions associated with a specific case of North Pacific
explcsive cyclcgenesis during 12-17 January 1979. An
attempt 1s made to gain insight into formative processes ard
pe3sible factcrs related to the serious shor+comings in the
model repesertaticn cf the dynamics associated with these
vigorocus events. Use is made of FGGE data analyses, Deferse
Military Sa*ellite Program (DMSP) imagery and FNOC sea
surface temperature (SST) analyses. Compafisons ace made
between FGGE , FNOC and NMC sea level pressure analyses and
pregnoses +to highlight differences in forecast deepening
rates and analyzed and forecast storm positioas. Explosive
deepening criteria were adopted from Sanders and Gyakum
(198Q0), who addressed the NMC 7T-layer PE model performance
associated with "explosive" prediction. Predicted deepening

rates for the <cyclones they studied wer2 consistently less
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*han 1/3 of the observed rates, and North Pacific axplosive
deepening east of the dateline was virtually amissed by the
model. An assessment of the PNOC S-layer PE model perferam-
ance (Gyakum, 1981) demon strated similar results.
Specifically, <the model <captured only 1/3 c¢f the observed
central pressure falls for all time periods. In addi+ion,
the mecst accurate of all the forecasts were shown <o be
valid between 24-36 h. In comparing the F3GE analysas with
the FNOC and NMC analyses, it should be roted that the FNOC
analyses and prcgnosss are derived €rom ths S-layer PE
coarse mesh (381 km hcrizcntal resolution) model. In con-
trast, the NMC amrelyses are strictly hand-analyzed Northecn
Hemisphere strips, while the prcgnoses are derived from the

7=layer PE fine mesh (190.5 km horizontal resoliution) model.

B. MODEL FRECICIION PERFCRMANCE

The storm track (at 12~h increments) is presernted in
Pig. 2a. The cyclone develcps sou+thsast of Japan in +he
vicinity 30N, 13SE and transits toward a final position off
the west coast of Alaska. Netice the significaat «ransla-
tion increase after 0000 GMT 13 January. The 5-day evolu-
tion (0000 GNMT 12 January 1979 +o 0000 GMT 17 January 1979)

in central sea-level pressure, as analyzed from <+he FGGE
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data, NMC and FNOC analyses, is illustrated in Fig. 2b.
Assuming the representativeness of <the FGGE da<%a, beth
series of FNOC and NMC analyses fail markedly in represenc~
iag the intense deepening phase (0000 GMT 13 to 0000 GMT 15
January 1979). There is close agreement between FGGE and
NMC analyses at other times. It appears tha:t specific
inputs to +he PFGGE data set (mentionad earlier) no+
available to FNOC or NMC <for real-time analyses provide a
more Aaccurate pcrtrayal c¢f <he despening period. Close
inspection of the observations included in the FGGE analyses
shows that +he deepening phase is well Jocumented a+t all
levels. At 1200 GMT 18 January 1979, for example, as many
as seven sea-level observations freom land and sea stations
ar2 availatle ip the nort+th and east quadrants c¢f the s*crn
and form the suzface data netwcrk. In the upper levels,
satzllite~-derived temperature and height aromalies, and 250
mb aircraft winds and temperatures combin2 to form a dense
observaticnal retwork. Ip the NMC analysis, ship reports in
the area were conspicuously absent, as the analysis appeared
*o be based uror land stations only. The FNOC analysis,
hovever, contained four of the seven FGGE surface

observaticns, kut 4did not contain +the <“wo observations
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closest to tkhe stcrm center, and this caused a misrepresen-

pT
ta+tion of the surface central pressure. Thus, the mor

accurate representaticn of +the deepening phase in +he FGGE
analysis is directly attrituted to a superior data base and
not just tc the benrefit of a "be<tter" £first guess,

A comparison between the 36-h sea-level pressure
forecasts is shown in Fig. 3a. All curves show the general
deepening trends, bu+ the FNOC and NNMC forecasts
consistently lag the PFGGE analyzed pressure, and are highly
variatle in predicting the magnitude of the central pressurse
falls. From these displays, it is evident that both models
fail significantly in the timely and accurate prediction of
storm intensification, especially during +the explosive
stage. This e¢xample illustrates further the forecast prob-
lems discussed ty Sanders ard Gyakum (1980) alluded <o
earlier.

The location error in 36-h storm posi+tions for NMC and
PNOC predicticns, relative to the FGGE analyzed positior, is
presented in Fig. 3b. I+ is clearly seen that significant
errors 2xist in both forecasts at various times during the
deepening phase. Such significant errors in <+the analyzed

and forecast features of +*his system reflec+ an inability of
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current operaticnal wmodels to accurately forecast <*he

2

n

events.

Ce SYNOPTIC LISCUSSION

The synoptic analysis approach in this section consists
of an examinaticn of the basic meteorological fields in
three disglays of two fields each. Display A contains 250
mb winds and isotachs, B presents 500 mb heights and abso-
lute vorticity, and C shows 1000-500 =nb thickness andi sea-
level pressure tratteras. This epproach generally allows
only subjective insights into features of interest during
the storm 1life cycle. The quantitative analysis of <the
dynamical prccesses is presented in th2 follcwing chapter.
The inten* of this secticn is to trace the development of
the system thrcugh a syncptic discussion of major fesazures
contributing tc overall storm development.

Examinaticn of a*mostheric «conditions at 0000 GMT 12
January 1979 in the area southeast of Japan shows marked
cyclcgenetic pcterntial. The surface picture (FPig. 4c) is
dominated ty a broad trough (viciri+y 30N, 140E) extending
northeast-southwast through +*the <center of a checkerboard
pattern of fairly strong low and high centers. Th2 signifi-

can* features include the Siberian Hign near 55N, 100E (Jjust
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of £ the western =2dge nf +he chart) which is very strong and
staticnary. The parent lcw ia the vicinity of 538, 170QE is
pow gquasi-stationary and £filling (950 mb). A largs maritime
high (1030 ab) dominates the north central Pacific (vicinity
30N, 178W), and the ncrthern fringe of Typhoon Alice is jus=z
visible near ZON, 140E). 7The combination of flow from these
systems serves to funnel ccld, polar continental air sou*h-
ward towards northward flcwiag warm, moist tropiczl air,
which enhances the frontogenesis potential. A general
destabilizaticn ¢f the polar air occurs nocth of the ar=za of
strong low level baroclinicity shown by th= concen“ration of
thickness contours just east of Japarn.

In the mid-trzoposgphere (Fig. 4b), two distinctive fea-
tures are evident. The flow over the western Pacific is
domina*ed Ly an extensive region cf low heights associated
with a guasi-sta+<ionary lcng wave +rough, which is a por+ion
of a fcur-wave planstary pattern. This significan+ feature
accounts £c¢r <he steady progressicn of mobile short waves
and associated surface featurss through *he region during
+he grra2ceding week, in addition +to supporting +he steady
€low of c¢old air off +he Siberian continen<. The seccnd

ma jor £2atur2 of interest is the predominantly zonal flecw
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over <th2 en<ire incipient region with areas of weak and
swall absclute vcrticity urstreaas.

In the upper +*roposphere. (Fig. 4a), the presence of 2
broad jet ( > 50 m/sec) aloft is a further nmanifestation of
the taroclinici+y of the lcwer troposphere. As yex, signif-
icant jet streak (> 75 @w/sec) propagation into <he regqgicn
remains well upstream, and therefore is not a factor in the
low-level development.

Examination of the visual (Fig. 5) and infrared (Fig. 6)
satellite imagery valid at 0041 GMT 12 January 1979 shows a
couplet of similar low level cloud massas (labelled A and B)
southeast ctf Japan. Lack cf significarnt ver+tical
d2velopment is evident on the infrared imagsry, in contrast
+0 the area cf enharced ccnvection (labelled C) associated
wi+h an area cf positive vcrtici+y advection (PVA) upstrean
over Korea (Fig. Ub). Cloud mass B is the precursor c¢f a
waak cyclone which moves to the east and rapidly dissipates.
Cloud mass A is <+he precursor of *he cyclone analyzad in
<his study. 1The evolving low-amplitude "s-shape™ configura-
tion with a distinct edge on the vwestern flank is indica<+ive
of ircreasing +hermal and low level absolute vor<ici+«y gra-

dients with time (Weldon, 1977). Although fairly small, the
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cloud mass is beginningvtc take on the familiar "leaf-shagpe"
which Weldon (1977) <characterizes as typical c¢f incipiert
oceanic cyclogenesis,

During the next 24 h ending at 0000 GMT 13 Januvary 1979,
surface develcrment continues (vicinity 35N, 1S0E) into a
closed center (995 mb). The incipient system (Fig. 7c¢)
appears as a kroad area of low pressure, and the development
of a weak thermal ridge near the surface «center indicates
frontogenesis continues during the period. Ships 3in the
vicinity reported seas ca the order of 15 £t, with periods
ranging between 3-5 s, which indicates a duration limited
wave spectrun. Of interest* is *he continued strengthening
of the Siberian high (now 1080 mbt) which st=adily pumps cold
air southward, :n association with the backside circula<ion
of the staticnary cv-d low to the east. Dastabilization of
the surface layer continues as c¢old air streams southwari
over *he warw ocean surface, and a polar low has become
organized cver +hke southeast <ip c¢f Japan due west of the
incipient system (indicated on detailed NMC analyses, no=*
shown hare).

In the sid-*roposphere (Fig. ™ , the 500 ab 1low

anchcred off the Kamchatka Peninsula has deepened. A sher+
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wave with an associated troad absolut2 vorticity area has
formed over Japan, apprcximately 800 nm upstrzam of <the
incipient systen. A smaller, 1less distinct vor+“icity area
has formed directly over +he surface systeam.

Increased vorticity in the mid-troposphere car also be
linked to the agpproach of a jet streak from the wes+. At
this stage, bcwever, <the position of the jet streak indi-
cates only wminimal influence on the low-lavel circulaticn,
as the jet core is directly superpcsed in the ver<ical, and
no clear pattern of cyclonic shear or diffluence can be seen
at 250 mb (Fig. 73).

The ircrsased vertical development over the period can
be seen in the DMSP satellite imagery (Figs. 8 and 9) valiad
a® 2341 GMT 12 January 1979. The devalopitg system is
labeled A and is centered approximately 600 nm soiltheast cf
Japan. Ccld plumes ex+tend for vir+ually the entire breadth
in the infrared image (Fig. 9), with cloud tops becoming
progressively warmer toward the <apered ead to <he south-
west. Enhanced convecticn and con+inued deveiopa:zn+ cof the
leaf structure is shown in the visual image (Pig. 8). Tha

regicn under the leaf appears to contain aarked oparcclinic-

"

ity 4in a zone in advance of the propagat:ng 4e- s+reak
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alcft, which is similar tc the ccnditiorns observed by Weldon
(1977) in a case study.

Curing the fcllowing 24-h pericd ending 0000 GMT 14 Jan-
uary 1979, <ccntinued development is evident in the low and
middle troposphere. Central surface pressure (PFig. 10¢)
falls steadily t¢ 977 mb, which is a decreasz of 18 mb. If
one adopts tkte explcsive criteria of Sanders and Gyakum
(1980) for a latitud2 of 40 degr=zes, =h2 storm has entered
the explosive stage during this eriod. The surface low
moves rapidly toward the northeas+, to a posi*icn close *o
the raximum SST gradient (Fig. 11). Close proximi=y to this
gradient fulfills another Cbservation of explosive
development described ty Sanders and Gyakaun (1980 .
Analysis of +te thickress contours (Pig. 10c) indicates a
pa+ttern of diffluence 10 degrees of longizude downstrean
fzom <the surface center. The diffluerce a+t 10 degress
upstream is ccnsiderably greater. Bjerknes (1954) shcwed
that these condizions favor formation of a diffluent %*rough
in *he upper levels within the cyclonic shear zone north of
~he jer streak axis. Tke NW-SE tilt of the 500 mb trough
svident by 1200 GMT 14 January (Fig. 16b), combined with the

favcrable superposition cf <+he dJet stre2ak suppor® +the
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diffluent trough formation argumen+t. In addition, a combi-
naticn 0f the superposition of +the upper 1level divargence
zoneé over the surface center and the approachk of the upper-
lavel thermal trough in clcse proximity to the 500 mb trough
promctes self-amplificaticn +hrough <+h2 m@mid-t-oposphere.
Mid-level vorticity increases due *o the movement of concern-
trated cyclonic shear vorticity into <he budget volume as
the jet enters the diffluent trough. As a resul*, increased
vertical development occurred from vorticity increasss as a
result of je+t streak interacticn &nd self-amplificarion.
Indeed, the first evidence of mid-tropospheric
davelopment is visible in Fig. 10b. The vortici<y pa*+tern
has an 2xpanded area of significant vorticity associated
with the mid-tropospheric circulation. A r2gion of strong
vorticity also exists ups%ream northeast of Japan, but that
center aprears t¢ be asscciated with the polar low formiag
“o the west (Fig. 10c), as indicated earlier. Th2 interes<-
ing feature tc nctice is the absence of “hs2 short wave <hat
4as fpresen+ cver Japan 24 h earlier, wvhich would seem to
indicate that further explosive development from the shor+«

wave PVA alcft is unlikely.
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At 250 mb (Pig. 10a), however, the arrival of tks jez:
streak (maximum velocity 85 m/sec) in favorable superposi-
tion over the surface sys+em acts to promote the lower-level
circulation. Diffluence in the region of the j2t strean
spli+ and cyclonic wind shear to +the left of th: jet axis
combine to induce positive circulation increases and s+trong
vertical wmcticn through the wmid-troposphere. Increased
vertical wmoticn enhances vertical redis¢ributioas of sall
properties, including an increase in the cornvergence in tke
surfac2 layer, and hernce, explosive dev2lopmert continues,

Inspecticn of satellite imagery (Figs. 12 and 13 valid
1405 GMT 13 January 1979 and Figs. 14 and 15 valid at 0023
GMT 14 January 1979 cshows a discernabls comma-shape
formation. TIn Figs. 12 and 13, the southern boundary of the
je< axis is delinreated by subsidence aloag *he cirrus band
paralleling “tke lcw-lavel front. Thsz jst crosses just south
of the wvort=x at A. The wvery ccld tops evident near the
vortex center and along the frontal band indica*e strong
convection thrcughou* the region. An interasting £fsature in
Figs. 14 and 15 is the relatively low lesvel clouds (labelesd
A) that appear as fingers eoxtending from *he vortex cernter

and look sigilar to feeder bands. When coupled with +he
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extensive cirrus shield aloft, th2 cloud pattern presents a

hurricane-like appearance. Twec significant changes thave

occurred during the past 10 h. The area of desp convection

has expanded markedly both near the vortex acd

alorg the

frontal tandg, which indicates continued strengthening.

Second, +*he =storm has orgqanized to +the poiat

tha* clzac

slots have formed in the cold air behind the front, which

indicates the penetration of cold and subsiding

“he vertex.

air toward

Curing the nex* 12-h period ending 1200 GMT 14 January

1979, +he surface pressure falls an additional 11

mb to 965

mb (Fig. 16¢). Notice +the shift of the refarence grid 10

degrees o the ncrth and 30 degrees +o the east in this and

sutsequant £figures. The increased amplitude
*hickness ridqe implies increased circulation in
tropoesphere, mcst probatly as a result of warm
and extr2me latert heating froam de-p convection.

heat input presumably weakens during the period as

cf *the

the lower

advection

Sensible

ceanter moves north of +he maximum SST gradient (shcwa

earlier in Fig. 17).

At 500 mb {(Pig. 16b), self-amplification continues with

*h2 devalcrmen*t of the upper-level +rough and
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vorticity maximum. The apparent lack of appreciable vortic-
ity advection at this level suggests that continu2d in%ersi-
fication of the system must be manifest ip either “he lower
or ugper levels. The mcst 1likely factors which serve to
maintain the deepening phase consist of a combination of
precesses: jet stream interaction at 250 mb; and th=2
axtreme surface convergence generating pockets of sustained
deep convecticn.

An increase in cyclonic vorticity app2ars at the 250 ab
level during this ¢ime frame (Fig. 16a). Cyclcnic curvature
and shear to +the left of +he jet axis <continues %o promc+e
the circulaticn discussed above. The wind speeds in <he Jjet
have diminished €ligh+ly in intensity due =o the decrsased
baroclinicity through the lower <%ropospher=.

Strong developmen* of the system durizg the previcus 12
h is indicated ir Pigs. 17 and 18 (valid at 1205 GMT 14 Jan-
uary 1979). Vertical velccities within *h2 storm volume
increase during the pericd, as deep convection becomes
intensz and widespread surroundirng the vortex and along *he
en+ire frcntal bangd. The growth c¢f convective activi<y
indica“es <+hat davelopment continu2s upward througl the

+*ropcsphere during the geriod, as *he jet <crosses the
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frontal band at a mor2 northerly point. In addition, *he
"hook" or tip of the clcud band in the northwest sector
develops markedly. In tygpical cases (Weldon, 1977), <+hese
conditions indicate the onset of the mature stage.
Interestingly, the next 6-h period ending 1800 GNMT 14
January 1979 marks the most explosive period cf the s+orm's
development cycle. The surface pressure (Pig. 19c) falls 18
mb (averaged tetween FGGE and NMC analyses). Ship
observations at 1200 and 1800 GMT were 1limited in Dbcth
analyses. + is possible that scme of the =xtreme deepening
observ2ad during this 6-h period actually occurred befcre
1200 GMT, but there were inadequate ship observations to
datect it*. Thus, the magnitude of the surface pressure fall
may te iess <thar men+ioned above cr prasented in Fig. 3b,
In ary event, <*he nature of +he explosive Jdeepening has
caused the *hickness =ridge to docuble ia amplitude along an
east~west crientation, indica%+zng *ha+ zold air has begun %o
wrap around the vortex at the surface. In the pid-
tropcsphere (FPig. 19b), the positive vorticity cen“er elon-
gates along <+he floew and intensifias slightly. The
elongation of the vor+ticity center and the continued digging

of the mid-level trough indicate the system should weaken in
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the near future (Weldom, 1977). A+ 250 ab (Fig. 19a), evi-
dence still suggests that the dJetr stream is in favoratla
superposition over the surface system and is continuirg to
induce vertical motion and associated low-level convergence.
Although the jet remains fairly stationary and strong, the
surface 1lcw ccntinues ncrtheast a+ a high speed, which
suggests decreased jet influence ip future development.

A look at *he sat=llite imagery (Figs. 20 and 21) valid
at 2124 GMT 14 January 1979 shows *he storm a* maximum
development. The d4ry tcngue aloft has penetrated <to the
vor=ex center. A solid deck of s*ratocumulus *o <he scuth-
2ast of the vortex center exists in the strong cyclonic
surface flow. An in<eresting "hole" appears *o the east c¢f
<he wvertex in tre derse frontzl band clouds, which is no=+
due to orcgrarhic 2ffects as ~he ar=2a is still south of the
Aleutian chain. A detailed look a% thz przceding satellixe
pictursz (Fig. 17a) shows a clear slot formed in aboutr the
same relative pcsitien. Thus, the feature is associated
with ¢he rctation of the cloud band around <this dry tongue
in *he s<reng c¢yclonic flecw at the surface, and gives the
appearance of <tlte forma*ticn of a secondary vortex in the

frontal band. Further inpspection of this imagery shows the
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con*tinuance cf strong ver*ical pmotion induced by deep ccn-
vection alcng the frontal kand, and to the nor+-h and sas+ of
+he vortax center. The penetration of cold aix into the
vortex is visible and signals the start of the occlusion
phase.

At 0000 G941 15 January 1979, <the surface circulatior is
domipated ty the surface lcw over *the Aleuzian Islands (FPig.
22c) with a central pressure at 947 mb. The explosive
pericd has ended with the onset of «ha occlusion process.
The thickness gradient has diminished markedly, and a polar
low is organized in the ccld 2ir to the west, while a new
disturbance forms alcng the baroclinic zone ¢ <he south-
wast. A+ 500 ab (Pig. 22Db), a closed circulaticna has
formed, which indica*es cold air influx through most of the
troposphere. A trcad positive verticity pattern 2xis+s, but
negative vorticity advection into the region is Iaducing
subsidence and filling. The system is ver+ically stacked,
which also indicates +he fully ma“ure stage. At 250 mb
(Pig. 22a), development cf the +“rough is evident from +*he
cyclonic rotation of the wind vectors. The jet has dimin-
ished in intersity due to the reduced low-level baroclinic-
ity and the migration of the surfaca systea north of zhe jet

axis.
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During +he next 24 hcurs ending 0000 GMT 16 January
1979, the occlusion process continues. The surfac2 systea
(Pig. 23c¢) has stalled over th=z west Alaskan coast and
filled to 955 mb. Ship reports in the vicinity show 35 ft
seas with 30 £t swell and indicate that the s=orm is still a
potent force. Other signs irdicate, howeaver, =—hat the s+orm
is beginning to dissipatse. The dscrease in the thickness
gradiert indica*es that the lower tropospheric front is
occluded. The 500 mb absclute vorticity (Pig. 23b) decrease
indicates a large reducticn in relative vortici+y from neg-
ative vorticity advec=ion and the Jdiscontinuance of the d2%
stream influence (Fig. 23a). ExtTeme height €alls ar=
reflected in the 250 mb €low as the wind fieid becomes
closed, indicating an ugpward cyclonic dsvelopment through
<his leval.

Inspecticn <¢f the satellite imagery for this pericd
(Pigs. 24 and 25) valid at 1005 GAT 15 January 1379 shows a
fully mature c¢ccluded systen. The pen2tra%tion of cold air
to ¢the vortex center is evident along with a marked decrease
in deep convective activity near the vortex and along the
frontal band, except in the northern fring=2 where *he strang

cyclcnic flow is still producing some low~-lavel convergence
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and associated deep convec*ion. The developing low toc the
south is just visible in the iImagery.

By 000C GMT 17 January 1979, +he surface sys+em has
filled to 962 =t and the thicknass gradient is small (Fig.
26c¢) . At 500 mk (Pig. 26b), the low has ccmbined with a
stationary feature *o the west to produce a vast area of low
heights, Positive vor<icity has decreased as the vertical
gradients have detericrated markedly while the system slowly
dies. At 250 ab (Pig. 26a), the increased closed
circulation indicates vertical stacking through the whole
tZopcsphere. These features suggest that the storm has
reached +he 4Aissipating phase, which marks the termiraticn
of the syncp+ic perticn of the analysis.

It is interesting to notice <+hat during tLe period of
lovest cantral ressure (0000 GMT 15 January 1979), ship
reports in the region indica<e 40 £+ waves, 20 £+ swell and
38 kt wirnds. The dramatic deepening of this aad similar
storms is nc* without its consequences. Thzse s*Ccrms pose
significant <*hreats +to ships and 1land facilitiss within
“heir paths. The intent of the next chapter is to pursue
those processes qualitatively described in this chapter by

mass and vecrticity budget analyses. The budge* framework
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provides a ccmputational base through

aspects of the storm are explored.
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A. GENERAL

I* is clear from the synoptic discussion (Chapter 4)
tha* the key factors necessary for cyclone develcpment ara
inherently related tc dynamical processes occurring in the
lover tropospheric regime. One such vital process 1is the
destabkilizaticn cf the surface layer. Another includes the
horizontal and vertical mass circulation structure, as pres-
sure falls and resultant storm intensity are direc+ly depen-
dent upon the rature and wmagnitude of <the mass flux into angd
out cf the budget volume.

The mass Ltudget pecrticn of *his chapter includes a juan-
titative approach to determine the destabilization and hori-
zontal and ver+ical mass transport within <he budget volums.
The stability analysis is based on area~-averaged potential
temperatures fcr the layer. For example, the layer labells=d
775 mk represents +he 850-700 mb layer. The la“eral mass
t-ansport is alsc calculated for the layer and is averaged
over time pericds. Vertical mass transport is infarred from

the vertical velocity (omega) fields. Time periods refer to
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the 12-h tige increment between synoptic times. For exam-
ple, pericd 1206 refers to 0000-1200 GNMT. Radial distances
of 6 and 10 degrees of latitude specify the horizon<=al
budget area and correspond to 360 and 600 n mi cadial dis-
tances from storm cernter. These particular radii were che-
sen after inspection of radial sections depicting the
storm's major circulation features. The inner radius (6)
incorpora*es thke zone of saximum cyclone circulaticn associ-
ated with the strong +wo-layer inflow/cutflow regime (subse-
quently addressed). The outer radius (10), in contrast,

shows th2 weaker storm circula+*ion near its periphery.

B. POTENTIAL TEMPERATURE AND STATIC STABILITY ANALYSIS

The s+eady flcw of polar continental air from =he Sibe-
rian miainland over the warm waters of tha western Pacific
was descritsd in Chapter 4, Destabilization of <the boundary
layer in this panner is a critical factor £for oceanic cyclo-
genesis, as demcnstratad by Roman (1981) and Sandgathe
(1981). The amount of destabilization is contirgent upon
*ha la*ent heat release in the layer and <the sensible heat
flux from the ccen. These quantities ars dependent tc a
large degree on the air-sea temperature difference, and the

magnitude ¢f *he lapse rate through the 1lower troposphere,
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Roman (1981) fourd stability decreases of nmnearly 2 K , 100
mb fully 12 h ktefcre *the cnset of maximum deepening usirng a
budget volume analysis. Numerical mod=2l simulatiorns by
Sandgathe (1981) showed a similar trend, with magnitudes
roughly half that observed by Roman (1981) for a western
Atlantic storam. An analysis of +the desrabilization of the
lower tropcsphere in this case will be described usirg the
potential temperature vertical-time sec:ions.

Inspaction cf the time secticens of area-averaged
potential temperature for vradii 6 and 10 (Fig. 27a and b)
shows similar in+aresting featurses. Notice *hat po<en<=ial
temperature values ia this figure are presen<ed for 12-h
synoptic times. Lower trcpospheric (1000-750 mb) and upper
«zopespheric (450-175 @mb) potential <+emperature changes
imply warming during the eac-ly time periods. Ir the mid-
“zoposphare (750-450 mb), potential tempesra“urs changes li+«-
tle in the early +<ime periods. Of interest is *he apparent
lack of a well-defined trcpopause (indicated by a dense
vertical packing of isent:icpes) during th2 esarly time peri-
ods. Possikle factors accounting for <this observa*ion
include the irgact of jet str=2ak propagation (described in

Chapter 4) into <the budget volume, or *he characteris+ic
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apward slcge cf the tropopause tcward the tropics, =- 2 rca-
bination of both. At later time periods, the entire budge:
volume is sesn tc cool, with the most significan+ decrease
occurring teleow 350 mb, as the cyclone takes on familiar
extratropical ccld-core characteristics. The <tropopaussz
b2ccmes well established by 0000 GHMT 15 January, which
coincides with the movement of the budger volume cut of the
rejicn of the karoclinic zcne and into the cclder polar air.
Several sutstantial potential temperaturz fluctuations exist
during “he 1800 GMT times (not shown) and are addressed
la*er,

To convert potential tempeorature changss to static sta-
bility features, a rrocedure similar to +that amploy=4& by
Sandgathe (1981) will be used. H2 defines the static s+ta-
bility of the layer as directly proportional to the specific
volume of the layer and tc <the change in potsntial tempeza-
zure tetween pressure surfaces (d8,dP), and invarsely prec-
porticnal to the average potential temperzture of the layer.
FPor periods cf interest here, the static stability of the
1000-500 ok layer will be explored. The soscific volume of
the layer is assumed constant with 4ime (variations are less

than 3% . The potential temperature fields (Fig. 27) iwmply
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rathers uniferes average +temperature structure for the lower
tropcsphere through time. Thus, th2 static stabili+y varia-
tions are predeminantly a function ¢f the <change in the
lapse rate with time,

The static stability trends for inner and outer radii
are shown in Fig. 28a. Destabiliza“icn of the layer occurs
for teth radii until 1200 GMT 14 January. The incraase in
stability after 1200 GMT 14 January is a reflection of cold
advec+ion in the lower troposphere. The marked decraase in
stability during the early periods (Fig. 282) is associated
with an increase in the surface layer potential “=smperature.
Thus, surface instability promotes *the genszra=ion of orgarn-
ized convecticn in +the stcrm region, 3and serves *o foster
“he cyclonic circulation <+endency. A similar <“rend was
observed ty Sandgqathe (1981 in his numerical simulaticns
(Fig. 28b). Direc* comparison ¢f observed and simulated
stability magnitudes is not feasible due <o the significant
differences in the horizontal scalzss over whica the data was
averagsd. It can be seen, however, that the trands in the
observaticnal data wmatch the simulated data very closely,
and show the characteristics of on2 of thes main iagredisnts

~hat is favorable for oceanic cyclogsnesis.
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Cne interesting featrire of Fig. 27a deserves special
scrutiny. The dramatic fluctuations in potential ~empecra-
ture (8 K) between 1200 GMT 14 January and 0000 GMT 15 Janu-
ary tetween 800 and 500 at is remarkable for such a small
“ime interval. In general, the atmosphere requires much
longer paricds fcr such largs fluctua+ions. Inspectior of
850~500 ab po*ential <temperature fields for bcth radii for
“*imes immediately preceding and subsequent to 1200 GMT shows
significant warming evident in the 1800 GMT field. 1In aiddi-
tion, potential temperature biases of smaller magni‘udes
vere evident at the 1800 and 0600 GMT times orn other days
(Fig. 27a and b). The nature of thesa (1800 and 0600 GMT)
poten=zial temperature fluctuations suggests a problem wizth
“he FGGE data assimilation schemes, and its impact on this

s«~1dy is specifically addressed in Appendix A.

c. HCRIZCNTAL MASS FLUX

The system herizontal mass %transpert analysis consisss
of vertical time sections for radii 6 2nd4 0 (Fig. 29a ard
b) in t2rms of g/sec for the 100 aob layer. Fiux values arz
corrected for mean cyclone nmovemert and zesidual imbalances
(see Chapter 3). Time periods ra2fer to “he 12-h pericd
between synoptic times. For example, period 1206 refers %o

0000-1200 GMT 12 January.
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Inspecticn of Pig. 29a for radius six shows a two-layzr
regime consisting of strong low-level mass influx associated
wi+th surface layesr convergence below a layer of mass outflow
associated with middle and upper-level divergence., The
strength <¢f the mass €flcw is seen +*o0 increases in both
regimes as the storm develcps, wi*h a distinc< inflow maxi-
mum near 925 mb and an outflcw maximum n2ar 350 mb. The
inflcw maximum (3.27 X 10 = * 13) at 1318 GAT is rougkly
twice the cutflcw maximum (1.56 X 10 * * 13), Although *h2
lcw~level inflow is intense, it 1is restrictad to a rela-
“ivaly narrow layer. The deeper, thaough weaker, upper-level
outflow causes a net vertically :iIntegrated mass loss within
the cclumr. The net horizontal mass cutflow in the vertical
columns (Fig. 29a) is reflacted in “he surface pressure
falls (Pig. 2t) during the developing periods.

The zemporal variaticn in the level of non-divergence
(LND) and the associated inflow maxima (Fig. 29a) between
1306 and 1406 SGMT 4indicatss vertical growth of the
converg2at layer as internse cyclogsnesis occurs., 3y 1306
GMT, when clcsed isobars become evident a+ the surface, the
convergent layer begins +tc grow as the surface circulation

is established. The growth onf <the convergen*t layar during
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cyclcgenesis is consistent with results <found by Rcman
(1981). The radius 6 LND reaches maximum height (a*t 1406
GMT) soon after the cccurrence of the maximum surface layer
transport and just before the period of lowest surface pres-
sure (1500 GMTI), and then exhibits a gradual reductiorn wi+h
tim2 as <he stcrm bagins tc dissipata.

Comparablz features exist within rzdius 10 (Fig. 29b)
but interesting differences sxist. The mass puildup in the
Juter volume (1318 GMT) shows a greater relative increase,

which indicates differential transport Dbetween *he +wo

1

radii, since ths inrer vclume increases ar=2 incorporated iv
the cuter volume tendency. The differ=ntial mass transporz
car. ke explained by “he sarlier influence of the migratcry
jet s+*reak (discussed in Chap+ter 4) as it propagates first
into +the <cu*er budget volume. The da2crease in mass
cransport after 1318 GMT reflects the dacrease in je+t s<reak
influence as it rropagates through <he innar volume and dis-
sipates (see Chapter 4). These pattarns substantiate <he
in+tensity cf assccdated "weather" observed by statiosns hun-
dre2ds of n mi frzom the stcrm centsr apd clearly illustrate

the immense scale 2f +these meteorological events. It should

o

also te ncticed that the increase in low-level circulation
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during the last few time periods a*+ radius 10 (Fig. 29b) is
attrituted te the inccrporatica of the developing
circulaticn %o the south (see Chapter u4).

Several interesting features of *he development stage of
this cyclene c¢an be chserved by inspection of <he radial-
vartical sections of the corrected 1lateral mass flux. a
sequence cf fcur times was chosen (0000 and 1200 GMT 14 Jan-
uary and 0C¢00 and 1200 GMT 15 January) illustrated ia Figs.
30 ard 31 respectively.

At *he outer radii in Pig. 30a, th2 mass transport is a
maximum near radius 11, The LND is relatively constaant in
height thrcugh all radii. A brocad regicn of strong upper
lavel divergence is also evident near +the ocuter radius.
No+ice the =signrificant change tw2lve hours 1la*ter (Fig.
30L) . An additicnal layer of surface convergence near 775
mb approaches the storm center <£from the outar radii. This
f2aturs sugges*s tha+* a major significant change in the
cicculation has occurred during the past +welve hours. Nor-
mal cyclone development wmight explain a por«ion c¢f the
increase, bu+t the explosive development indicated during
this time frcm <the rapid pressur2 falls suggests scme

additional fcrcing present in the budget volume.
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In the subsequent 12-h period (Fig. 31a), <+he surfacs
transport maximum decreases and moves well inside radius 6.
Divergence aloft is well established and the positive
transport inside radius 3 between 400-125 mb suggests net
subsidence and adiabatic warming near the cyclone «core,
which arrests at least tc some small degrze <+he cold-cecre
formation process. Transport values markedly decrease 12 h
later (Fig. 31t} and suggest cyclone dissipaticn.

These circulation features may be comparzd with major
characteristics cf trcpical storm intensification (e.g. Hel-
land and NMerrill, 1983). Explosive development in beth
cases appears to be characterized by large circula+ion and
mass transpor* increases at the outer radii, with subsequent
ianer radial development after organized “ranspecrt has meved
near the inner region wi*th deep convection. The inner
radial develcpment is alsc largely dependen< on  *he
formation of a broad and strong ou%tflow regime in the upper
tzopcsphere, As these significant features form, organized
convectior dcminates the inner radii and triggers %he rapid
pressure falls due to large 1latent heat dinputs inte <ha
lower “roposphere. Large pressure falls set +the stage for

increased winds, circulation etc.. The storm rapidly
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davelops with warming near the central core until +the
surface system becomes detached from the upper-level verti-
lation and divergence source. The significant observed 4dif-
ference in the formation processes lies ia the expanded
radial scale ¢f the extratropical system compared to tke
mesoscale s*ructure of +he tropical systen. Othervise,
upper-level ven*ilz-ion features, inner radius organized
deep convection, weak stability of the surface layer and
large ou-er regicn transperts in the early development peri-
ods suggest reasonable similarities. The conclusions cited
above are cnly suggestions from the available FGGE fields
and will not ke explored in detail, as thes2 aspects are nct

considered a grimary cbjective of this study.

D. VERTICAL MASS TRANSPOKRT

The storm vertical mass transpor+* analysis consists cf
vartical time sections of cmeqa fields (Pigs. 32, 33 and 34)
for radius 6 ard 1. Thrse distinct omega fields are calcu-
lated by slightly different methods and the differences are
examined. The omega fields discussed below <represent the
vertical mass transport and necessarily raflect periods of
intense hcrizcecptal mass transport +through continuity (s2e

Chapter 3).
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The differences between the three omega fields are shown
clearly in Figs. 32, 33 and 34. The budget calcula<«ed
(QLD) cmega fields (Pig. 32) are area-averagad values
derived frem the lateral +*ransport through mass continuity.
The FGGE level III-b vertical motion estimates (Fig. 33) are
derived as pcint estimates without diabatic internal adjust-
ments. Omega fislds calculated a*+ grid poin*s wusing the
kinematic aethod, which implici¢ly includz2s small-scale
diabatic effects, are shown in (Pig. 34).

The difference in magnituda z2nd 1level of ¢the vertical
moticn maxima between the three vertical motion fields is
interesting. The QLD (Fig. 32) and FGGE (Pig. 33) vertical
velccity rmaxima patch fairly closely in time of occurrence
and magnitude, but differ considerably in lavel. Compansa-
tion for +he residual imbalances in *ha budget calculaticns
(discussed in Chapter 3) are applizd layer by layer (highest
layers are weighted more) in the QLD omega field derivatiorn.
Thus, <+the CLD omega magnitudes are comparable but <he level
of “he maxima is kiased tcward *he highar layers (Fig. 32).

The kinematic vertical velocities differ both in magni-
tude and level. This is not surprising considering the val-

ues include small-scale diabatic effects. Paegle (1983)
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d2monstrated similar results and found that the PGGE derived
fields were rcughly 1/3 the magnituds of <the kinematically
derived fields, which is consistent with a2 comparison of
Figs. 33 apd 34 (the ratic is clcser to 2/3 here). Por the
purpcse of +this study, the kinematic omega fields are
considered to Lest represent the actual vertical motion.

A coampariscn of the vertical velocity £izlds with the
horizontal mass transport shows consistant features. The
vertical velccity maxima (Fig. 34a3) correlate well tempo-
rally with the surface convergence and uppar level
divergence maxima (Fig. 29a2), and with periocds of rafpid
surface deepening (Pig. 2L). In addicion, the more interse
vertical motion at radius 6 (Pigs. 32, 33 and 34), whick is
roughly 1.5 <times greater than a+ radius 10, agrees well
wi+th the satellite discussion which depicted ex<razze amcun:s

of deep convecticn in the inner radius (see Chapter 4).

E. CCNCLUSICNS
In sumsmary, stability and QLD mass budget analyses have
revealed the following insights:

e Surface stakility decreases during the early <ime peri-
ods favor organized ccnvection;

The  stabilit analysis shows destabilization trernds
ggg?%stent with numerical model simulations (Sandga<+he,
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e Evoluticn of cold core characteristics is evi
throughout rost of the troposphere after the sur
circulation intensifies;

e Maxima in surface layer convergence occur during peri-
Qds of irtense vertical motion and strong upper-level
divergence, coincident with observed maximiaa cyclone
deepening rates (Fig. 2b);

e The brcad divergent layer aloft contributes to central
pressure falls even though _the maxima are conslderabl{
smaller than  the associated surface layer _convergen
maxiba, 1nd1cat;ng cverall net mass outflow dufing
periods of storm intensificatiorn;

» The LND varies according to tha strength of the surface
convergent layer, and rises during the period of explo-
sive develcgment;

e Vertical velocity fields employing «rinematic calcula-
tion methcds represent well the L3D and vertical mass
transport which™ is a wvital link in the 1lifeblood of
storn dyramics.

e Vertical-radial cross sections of mass transport during
extratregical cyclogenesis suggest 51m;éar, evelg¢pment
Sbaracterlstlcs to " tropical “Storm rapi in+ensifica-
tion.

The next chapter seeks toc explore +he «circulaticn
tendencies as delineated by the absolute vortici+«y buildup
within the budge+« volume as +he storm avolves. Horizorn+al
and vertical transpor*, and sourc2s and sinks of absolute
vorticity will be explcred quantitatively 0 further

delineate storm dynamical features.
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VI. VORIICITY BUDGET ANALYSIS

A. GENERAL

The absclute vorticity budget analyses ars prasented by
vertical-time sections and by selected vertical profiles.
Time pericds refer ¢o the 12-h span between synop+ic tinmes.
For example, period 1206 refers to 0000-1200 GMT 12 Jaruary.
In figures not referencing *ime periocds, times refer to the
specific time (GNT). The 775 mb layer reafers to the layer
between the €50 and 700 mtk. The sign convantior is positive
for prccesses producing verticity increases in  the budge+*
volume (scurces), and negative for vocticity decreases
(sinks).

The main feature of this section inclddes a discussion
of the aksclute vorticity time <tendency as a measure of
stcra development. Specifically, an investigation is ccn-
ducted intc *he role of horizontal and vertical absolute
vo-ticity transport, advection, generation and dissipation
in storm dynamics. Horizental transport tarms are separated
into mean and eddy mcde <components to> gain better insigh+

into their specific cecatritutions toward storm development.
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Vartical ¢transport teras reflect vertical divergence and
advection frcm <cmega estimates using the kinematic me<hod,
Referral to Section B of Table V is recommended as specific

budget terms are idan+tified and discussed.

B. TIME SECTICNS , TIME TENDENCIES AND SELECTED PROFILES
The dramatic buildup cf absolute vorticity in the budget
volume at both radii over the 2-day span of internss
developmant is illustrated in Pig. 35. At 0000 GMT 13 Jaru-
ary (1300 GM1), the relative cyclonic vorticity in the inner
volume through *he 600 mb level is not much different from
the ccriolis rarameter (7.82 X 10**-5), Notice the presence
of anticyclonic relative vorticity aloft, which is associ-
3ted with the weak and dissipating upper level ridge. The
dramatic increase in absolute vorticity by 0000 GMAT 15 Janu-
ary in the inner radius occurs from two sources. The rapid
aovesent tc the rortheast over the period has result2d4 in a
larger value cf planetary vorticity (f = 11,56 X10%*%=5),
while {he increased storm circulation accounts for the
additional buildup. Although the surface circulation is
strong, the raximum absolute vorticity 2xists in the middle
troposphere. Similar changes occur at radius 10, although

the magnitude cf the absolute vorticity increase is swmaller,
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and there is a uwniform incrszase through the +roposphere
below the jet ccre level. Specific factors contributing +o
the vorticity changes at the different vertical levels will
bea discussed as the specific budget terms are analyzed.

A different perspective of the absolute vorticity
buildup in the budget volume is presented in Fig. 36. Here,
vertical time sections cf vorticity £for both radii illus-
trate several key fea*ures. At radius 6 (Fig. 362), a vor-
ticity wminimus can be <seen at 200 ab during the early
pericd. The increase with time at lower lavels is a reflec-
tion of +the nascent cyclone vertical structure which is com-
éosed of anticyclonic vcrticity alof+t over the low-~level
developing systen. After 1212 GMT, absolute vortici+y
increases thrcughout the whole tropospheres until 1500 GMT.
Two significant features are evident during these times. A
large buildup occurs in the upper troposphere (vicinity 225
ab) after 1300 GMT, which causes a temporary reduction in
the vertical vorticity gradient. A distinct lower +«ropos-
pheric maximum is evident at 1500 GMT, which occurs just
after the period of intense circulation increase, and is
sutbstantiated by the mass transport maxima shown in the mass

budget analysis (Pig. 29a) and the associated central
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surface pressure falls illustrated in Fig. 2a of =he syncp-
tic discussion. This large maximum in vorticity is coinci-
dent with the reriod of 1lowest central pressure and maximum
surface layer circulation. Vorticity values ar= seen to
decrease in *“te middle and lower troposphere for 24 h after
1500 GMT, but at a significantly slower rate than the
buildup. Values increase again <hrough the whole
troposphere after 1600 GMT due =0 <the inclusion of the
developing system to the scuth.

Several important differences exist at radius 10 (Fig.
36b) . Vorticity values incrsase at a slower ra*e and a+*
later *imes than in the inner volume. This resulr indicates
that although vorticity values increase in both volumes dur-
ing the develcpment <stage, *the outer volume <experiences a
less siganificant increase due to the greatar spatial ex<ent
and relatively smaller vortici+y,

Absolute verticity <+ime tendency, which is <+he firs+%
tezm in the vorticity budget equa*tion (see Table V), is pre-
sented in Fig. 37. This display is a <ime derivative of the
fi2lds depicted in Pig. 36. Recall that *time periods, when
us2d in sutsequent figures, refer to 4hz 12-h time Interval

between synoptic times.
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A large increase in tke vorticity tendency in ths irnar
volume occurs in the upper levels from 1218-1318 GHT. Vor-
ticity increases at a ccnstant rate in the surface layer
during the davelcpment stage. The general decrease in ten-
dency values thkrough the whcle troposphare after 1506 GMT is
consistent with the onset of the occlusion phase and storm
dissipa’ ion. It is interesting that a vortici+y teandency
ninimu® occurs near 450 mk during a period of large surface
pressure falls (Fig. 2b) and maximum mass transpor* (Fig.
29) . No correlation to synoptic causes for this +endency
ninimum is apparent from detailed inspection of <the 500 mb
height and verticity fields (Figs. 4b, 7b, 10b). One inter-
pretation is that a subsynop*ic scale system in +*he wind
field; affects the vorticity values at <+hese levels and
times. Aan alternative cause could be linked to iasufficien+
data input intc the 1312 cr 1400 GMT analyses.

Similar significant features exist a+t radius 10 (Fig.
37b) . The nature of tke buildup of absolute vorticity
suggests inherently similar mechanisms are =rsesponsible for
the atsolute vcr+ticity buildup between innsr and ou*er vol-
umes. Mechanisms such as the jet core influence, wmid=-*+rc-

pospheric self-amgplifica*ticn, and horizontal and vertical
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transport are Gpossibilities explored in the follcwin

sacticns.

C. LATERAL TRANSPORT

The lateral +transport of absclute vorticity is cne of
the three most significant forcing terms ia “he budget equa-
tion (Table V). Transpcrt into the budgst volume arises
from +the mean oonvergent flow (nean mode) and frem
asymmetries in the cyclonic flow (eddy m2de).

A typical view of the lateral vorticity transport occur-
ring during stcre ds2velopment is pr=sented in Fig. 38, The
curves are valid during the maximum davelopment period a<
radius six. The mean rcde and <total lateral <transpcct
curves are sirmilar and shew similar trends. The mean mode
is seern to dcminate the tctal transpor: at levels below 800
mb. In the upper levels, <+he +otal lateral transport is
small, but 4is the residual betwean %wo strong oppositely
contributing fprocesses. Thes2 features constitute signifi-
cant differences from thcse chserved by Conaat (1982) ia tha
President's Day storm, where he obs2rved 4thar the total and
eddy sode lateral transpcrt curves were the more strongly
correlated. Al+hough tte curves present2d In +ha* study

zapresen-ed an earlier phase in the storm development, the
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general featuzes indicate that diffarent mechanisas ssrve to
increase impner volume vorticity levels within each storam
budget volune. A lock at the mean and eddy mode lateral
transport vertical-time sections gives 1insights into
processas respcnsible for “*hess differences.

Another interesting feature is the preseace of a measur-
able eddy mcde contributicn in the lower troposphere, which
is an indicaticn that processes other than mszan convergence
are ac+*ing to increase the vorticity and s*orm circulaticn
within the six degree vclume. These results should be
expectzd, since processes such as intenss convection in pre-
ferred quadrants of the storm, frontal asyamme«ries aznd
ellip+ical vcrtex structure may cause asymmetric flew aboul
and into the cyclone. Thus, some eddy mode contribution is
evident thrcugh +t+he whole troposphere. Mean and 2ddy node
contributicns o the total vorticity lateral transport ara
discussed Lelcw,

The total lateral vorticity transport time sections for
+he inner and outer tudget volumes ara pras=2nted in Fiq.
39. 1In the inner volume (Fig. 39a), icrward transport =2xis*s
below 775 wmb *hrough all time periods, with alterna+ing

inward and outward transport evident iz the upper

69




§ e

tropcsphere (near 350 hb). Notice the mid-tropospheric (600
mb) outward transport (after 1506 GMT) as broad divergence
is established. The ou<ward transport amaximum at 225 mb
suggests strcng divergence aloft as the jet strean dominates
+he upper trcposphare flow. The surface layer regime is
particularly noteworthy in +¢ha* especially deep inward voc-
ticity transgcrt occurs during the deepening phase
(1318-1506 G¥T) +through 450 mb and contains a maximum (19.2
X 10**~10/sec**2) at 925 mb. This signature is entirely
different from that observed by Conant (1982) in the Presi-
dent's Day s*crn. He shcwed 2 maximum at 220 sb with rela-
tively weak surface transpcrt. The emphasis on the level cf
maximum hcrizcntal lateral transport serves to focus con the
di fferences between the underlying processss responsible for
vorticity increases within the budgets of both systenms. In
this cas2, +the lateral tramsport surface maximum occurs in
tempcral coincidence with the largest centzal pressure falls
and wmaximum wmass transpcr:, as discussed in previous
chapters.

The tctal 1lateral transport at radius 10 (Fig. 39b)
2xhikits similar 4inward transport in +ha2 surface layer

althcugh the magnitude is considerably less and the maximum
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occurs a time pericd earlier. Inward vorticity transport is
evident through the rest c¢f <the tzoposphere (except abcve
450 ob af*ter 1606 GMT), with a secondary maximum observed
between 450 anrd 175 nb during <he 1218-1318 GMT p=ariods.
The time and level 0of occurrence of this maximum strongly
suggests vcr+icity import from jet streak iateraction. Sub-
seguent low-level inward transport occurs from circulation
increases 1in response tc this upper-lsvel forcing. The
earlier occurrence of both upper and lower-level nmaxima in
the cuter volume suggests earlier forcing from 3jet streak
interacticn as it enters the outer volume <£first and subsa-
gquently migrates toward the inner volume. The increasa ina
the surface layer transport at 1618 GMT is again due *o the

devalcoping system to *he scuth.

C. MEAN MCDE LATERAL TRANSPORT

As described in Chapter 3 (Table V), <the absclutes vcr-
ticity +transpcrt can be partitioned into mean and 244y
modes. The purpose of this partitioning serves *o isola=ze
contributicns ty the mean flow (mean cyclcne convergence and
divaergence), aad the perturbation flow (the covariance of

vorticity and normal wind component deviations).
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Specifically, the mean cyclonic low-level inflow 2nd upper-
level outflow cf vorticity is represented by +he mearn mode
and reflects necessarily the convergant/divergent nature of
the lcwer/upper layers.

At radius six (Fig. 40a), the strong dual-centered
transpor+ maximum, *he upper-level outflow maxima and *he
level of *rarsition between inward and outward <“ranspor+
agree well kcth temporally and spatially with <the @mass
budget transport features discussed in Chapter 5. Pericds
of maximum surface cyclone deepening coincide directly with
the vorticity transport maxima discussed above. Differences
in mean mode transport between the President's Day storm and
*he present case arise due <to the sigaoifican+tly weaker
surface~layer lateral vorticity transport in the President's
Day stora, whereas *he upper layer transpo-ts are nearly thke
same. Thus, *he main difference in th2 growth and vitality
ian this storm is the significantly higher mean flow
transport of vorticity in the lower layers.

A+ radius 10 (Fig. 40b), absolute vorticity lateral
transport values are relatively weaker than at radius 6. A
single invard transport maximum in the surface layer and a

coincident upfrer-level ou<¢ward maximum are evident. These
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maxima occur earlisr, again, 3in response to earlisr dynamic
forcing in +he outer vclume by the upper-lzavel eddy
structure changes (subsequently addressed). The cffacts of

the new lcw tc the south are again seen after 1518 GHNT.

E. EDDY MCDE LATERAL TRANSPORT

The eddy mode absolute vor+ici=ty lat2ral *¢ranspvort gives
insight into the upper level vor*ticity increases which ulti-
mately affect the 1lcw level circulation tendencies. As
di scussed above, the eddy mode component represents the her-
izontal transport due to asymmetries in the cyclonic flow
induced by wind field correlated vorticity deviations.

Inspection of the eddy mode absoluts vorticity “ransport
for radius 6 (Fig. 41a) shows considerabla vorticity import
in the layer tetween 750 and 125 mb after 1206 GMT. Within
this troad area of positive 1lateral vorticity transpor+% are
*wo significant +ime periods. Between 1206-1306 GMT, a max-
imum ¢f vorticity transport is seen %o exist in the 450-275
mb layer. Inspection of the 300 and 400 =mb vor+icity and
vinds for 1200 and 1212 GMT shows weak PVA into “he budget
volure, and this is substartiated by the coincident maximum
in the calculated advection (Fig. 43a) discussed subse-

quently. These facts suggest vorticity import in the form
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of the shert wave that tecomes established over southern
Japan during this time frame (discussed earlier in the
synoptic discussion, Fig. 4b). The effect of this perturba~
ticn diminishes with time as the cyclone acceleratas to the
northeast away from the slower moving upper-level trough
af+ter 1300 GMT, and thus, the eddy mode <transport also
diminishes. Verticity increases are again esvident after
1306 GMT when the jet streak has becom2 well established in
the tudget vclume (Fig. 7a). The influence of +*he Fet
streak continues until 1518 GMT vwhen the jet <core becomes
detached from the budget volume as the surface cernter
migrates steadily northward.

Significant eddy mode coantributions are restricted =*o
the upper levels, and are only roughly 1/2 those observed by
Conant (1982) in the President's Day storm. This is an
extremely valuable resul*, as Ccnant showad that the migra-
tory short wave played a major role in tha+ szcra
development. In this study, the migratory short wave is
shown to be of minimal influencs, and <thus vor+«icit+y
increases in the upper levels occur primarily from cyclonic
shear vorticity input into the budget volume as the jet ccre

becomes estaltlished. While ¢the eddy =mode contributes
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considerably to the initial storm developament, this 2£ffec:
is nct nearly as dominant during the explosive stages as in
the Fresident's [ay storm. In this case then, it is logical
to ccnclude that explcsive development occurs due to upper-
lavel Jjet forcing acting in concert with <+he surface
development alcng the barcclinic zone. The secondary eddy
mode maxiamum near 925 ab at 1418 GUT is presumed +0 be due
to asymmetries in the mean flow in specific quadrants of the
storm circulaticn.

Similar featur=as eoxist at radius 10 (Fig. 41b). As in
the inner volume, significant contributions occur at the jet
core level with mxima cf similar wmagnitude occurring at
coincident times. A veak maximum eoxists from 1406-1506 GMT
ian the surface layer, and as in the 6-degree volunme,
represents spall asymmetries in the meaa cyclonic flow.

Alternatively, the lateral transport may be expressed ina
+erms of lateral divergence and advecticn components through
the use of vector identitites (see Table V). These teras
procvide a wmore “raditional view directly in terms of the
vorticity eguaticn. The divergence coaponent of <he parti-
tioned lateral vorticity transport (Fig. 42a), is composed

of a two-~layer regime with positive vorticity production due
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to ccnvergence in the surface layers and negative vortici+y
productior with divergence aloft. . Thesa features match
closely the associated mass +transport features discussed in
Chapter S. The temporal and spatial occurrence of <he
inflow and outflow maxima agree well with similar features
of the nmean mode discussion, and with the general
circulation increases and maximum pressure falls.

The most interesting ccmparison occurs between the eddy
mode and hcrizcntal advection trarsports (Figs. 41a and b
and 43a and b). The upper tropospheric values match well
both tempcrally and spatially, as well as in wmagnitudes.
However, the advection term in the lower troposphere shows a
substarntial pegative vorticity advection (NVA) intoc the vel-
ume kelow 775 mb, which is quite different from the negative
and pcsitive e€ddy vorticity transports. In-depth examina-
zion of the verticity and wind fields in the inrer volume
duzing a pericd of nmaxiaum developaent shows an asymmetric
east-west oriented vworticity field coupled <*o a strong
cyclenic inflecw pttern, which causes a net advection of
smaller vorticity values into the volume in the northeast
and southwest guadrants. This net NVA is furthex enhanced

by the 40-kt translation speed of <he surface center to “he
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northeast during this period. The change <0 a wes=arly,
more zonal wind component with height accounts for the sign
reversal in tke vorticity values above 775 ab. Notice “hat
the addition of the advection and divergence tarms is very
close to the sum of the mean and eddy mod2 1lateral
transgorts. These results serve +«o verify +«he intagrity of
tha transport calculations.

In summary, the total horizontal absolute vorticity
transpert has Leen shown tc be composed of a2 mean mode rep-
resenting ccntributions frcem the mean mass circulation, and
an eddy mcde representing coniributions from asymmetries in
the flow from advection and jet core sources. The mean mocde
transport was shown ¢to be very similar <0 <he total
tzansport through all levels, while the eddy mode transport
was shown to be signif;cant only above 500 nmb. The rela-
tively smaller magnitude of the eddy mode +transport maxima
compared to that observed ia <+he Presiiant's Day stornm
suggests this term rplays a 1less significant rol2 in the

storm a2volution.

F. VERTICAL REDISTRI:JTICN
This secticn investigates the role of vertical vorticity

transport from <the upper and lower layers ianto <the middle
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tropcsphere (as discussad earlier in connaction with Fig.
34) . In this case the diffluent nature of the upward
avolving trcugh will be exrlained in terms of this mid-level
vorticity increase, The concentratior of vortici*y in the
aid~-troposphere serves *o increase mid-level circulaticn,
increase therral advection, ard amplify the <trough.
Voactical transport of verticity was calculated using the
kinesatic cmega fields (Chapter 5),

The affect cf the vertical +ransport in the vorticity
budget is given ty the diveraence of the vartical traansport
(Pig. 44a and t.). This +*erm results frzom <the ver+ical
derivative of +he transport betwean levels and represents
the redistribution of vorticity upward through the
tropcsphere. Nctice +the +wo-layer regime with strTong
transpert from the surface layer into the middle and upper
tropcsphere. The vertical transport of vorticity is a con-
saquence of upper~level divergence which induces lower-level
circulation and vertical mction increases throughout the low
and middle trcposphera. The maxima in bcth upper and lower
regimes are tempcrally ccincident with periods of maximum
vartical motion (see Chapter S). Values in the ou%*er radius
are ccnsiderakly smaller which 1s consistent with <he less

intense vertical motioms.
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The divergent component (Fig. 45a) is +ke @main
contributor *c vertical vcerticity redistribution. This +erm
is simply the opposite of the lateral divargence *“erm (Fig.
42a), but differs slightly due to the kinemetic vertical
moticn estinmates. There is a decrease of vorticity below
+he maximum in the vertical motior, and a gain above this
maximum. The reversal in sign from th2 lateral divergence
term (Fig. 42) is consistent from continuity, and close
agreement ketween the tempcral and spatial magni+tudes shows
consistency. Similag; featuras exist a*t radius 10, although
the magnitudes are considerably less as expected.

The vertical advection portion (Fig. 46a) plays & rela-
tively minor rcle in the ‘tudget. Positive vertical advec-
tion 1is seen <c occur tetween 775 mb and 350 mb from
1318-1506 GM1. Accunulated values of surface laysr vor+tic-
ity are advected by the vertical motion during these times.
Positive values telow and nega*ive values above 450 mb ccn-
¢ribute to the vorticity buildup in th2 middle troposphere
illustrated in Fig. 35. The rela+tively minor con<tribu%ion
of vertical advection to the budget r2sults is consistent

with results fcund by Conant (1982).
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In sumpmary, the vertical <transport redistributes the
large vorticity buildup ir the 1lower troposphere intc the
wid and upper trcposphere. The divergent component was the
ma jor contributor, as the advection term was relatively weak
+hroughout the budget volunme. Processes at radius 10 are

similar with considerably lower magnitudes.

Ge SOURCES ANLC SINKS

Scurces cf vcrticity cccur from *he divergence and tils-
ing terms, while fric*ional dissipation is a vorticity sink.
Generation c¢f verticity by horizontal divergence is the
fluid analog cf the change in angular vslocity of an object
when it changes its moment of inertia while conserving angu-
lar momentun. If horizon+al diverg=ance occurs and
circulation is censerved, the area enclosed by a fluid par-
cel will increase and the average vorticicy of +he parcel
nust decrease, Thus, the pattern of low-level cenvergence
and upper-level divergence in a developing storm means there
is a source cf vorticity at low l2vels and a2 sink in the
upper “rcpcsphere (Fig. 422 and b). This term is mathemati-
cally the same as <that which appears ia the 1lateral

+ransport par+ition (see Section B, Table V).
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An impcrtant feature tc notice is the relatively largz
magnitude of the maxima in both regimes compar=d “c the
total lateral transpcrt. These patterns suggest =ha% the
divergence term plays the dominant role in the budget. In
the lower trcpcsrhere, ccnvergence overwhelms all other
processes, as is expected from a scale analysis of the
general vorticity equation.

The tilting term (Fig. 47a and b) arises from vertical
vorticity components generated by +the tilting of horizen-
“ally oriented verticity elemenrts by a non-uniform vertical
moticn field. Strong vertical shear and a2 horizontally var=-
ving omega field are preregquisites for contribu+ions from
*his source. It is apparent (frcm Fig. 47a apd b) tha*t the
products of wvertical shear and the change in the vertical
aoticn £fields in <the hcerizontal are small compared +o
lateral ané ver*ical transgorts.

Prictional dissipation (Fig. 48) is assumed +*o occur
only in tbe <surface boundary 1laysr and is parzameterized
using a statility d2pendent scheme (Johason and Downey,
1976) . The calculated values were abou< 1.5 times graater
“*han those cbserved by Ccnant (1982), as is expected fron

*he larger intensity cf the disturbanc2 studied here. The
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maximum at 1506 GMT has a magnitude very close %to the value
of +the low-level maximum in the total lateral <=ranspor+
(Fig. 39a). These results suggest that frictional sffects
assume a prcminart rcle in the dissipation of vorticity in
the surface layer. Values in the outser volume (Fig. 48Db)
suggest minimel frictional influences on <“he vortici+y
averaged cver a larger regicn.

In summary, ¢the divergence term was a major factor in
the cverall budget as a scurce of cyclonic vortici«y in the
lower troposphere and a sink alof:. The friction term was
an important sink of vorticity in the surface layer, whereas

the tilting term had no significant effect on <he budget*.

H. FESIDUALS

The residual Iin the wverticity budget contains zthe
aef fects of the cuitted prccesses plus ths accumulated errors
in the calculatien of the resclved terms. Iraccuracies in
the vec-tical mcticn and hecrizental wind fizlds contribute to
the physical residual comgcnents, whereas spatial and tempo-
ral finite differencing and grid-point interpolation iraccu-
Tacies are causes for ccmputatiornal errors. A positive
vor*ticity residual indicates an apparen: vorticity source in
vhich *he cbserved vorticity increasa2s at a point are larger

than is estimated by the ccmputed terms.
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Eesiduals for the inner volume (FPig. 49a) duriag the
development pericd indicate generally small valuss in the
middle and upper troposphere, while large vortici<y excesses
are evident at 350 mb (1306 GMT) and at 275 mb (1406 GMT).
Since these maxima occur during periods of rapid development
and paximum vertical moticn, it seems likely “hat improger
represen*aticn ¢f the intense mesoscals convection process
is responsible. That is, 4inaccuraciz2s in the vartical
moticn £fields ard therefcre the vertical transport could
l2ad to underestimation of the vertical redistribution. The
pattern in Fig. U9a is «ccnsistent with vorticity transpor+
by ccnvection, which has been shcwn tc be importanz in trop-
ical circulaticns (Shapiro and Stevens, 1982). 1In addi+icn,
residuals cculd also be expected “o0 be gr2ater thar normal
in areas c¢f significant jet streak activity where the hori-
zontal wind fields are generally the mos+« ipaccura=s. The
large negative residual in the ocuter voiuame (Fig. 49b) is a
likely result of this effect. Although computational resi-
duals are difficult %o isclate in an analysis =such as con-
ducted here, it appears *hat coniribu<ions from this source
are relatively unimportant given “he small residual values

througa mcst ¢f the troposghere.
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I. CONCLUSICNS

In stmmacy, the increase of absolute vorticity in the
budget vclume during the development stage was shown <to
occur frcm a2 ccmplicated interaction of processes. The
pericd of surface layer «circulaticn organization associatzd
with incipieat dsvelopment is distinctly different from +the
pericd of explcsive developmen+t in which the circulation
ircreases throughou* the troposphere.

During the incipient stage (period 1206-1318), the lower

ropcsphere circulation increases w2re shown to occur prima-

rily from the source divergence term, as the storm organized
along the tazcclinic zone. Lateral transport increased as
the circulaticn developed and contributed +o small ne+t vecr-
ticity increases since tke fricticnal dissipation was also
enhanced.

Mid-crcpcsrhere verticity values increased in tha earli-
est period due to weak la*teral transport in the fcrm of PVA
frcm the shert wave estatblished cver Japan (discussed in
d2tail in earlier secticas). This wmid-level vorticity
import acted to enhance the low-level organizaticm in the
2arliest ztages. At later times prior to 1318 GMT, +he

divergence of the vertical transpor*+ was se2n o account for
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a significant pcrtion of the mid-level vozticity increases.
An increase in the deep divergence 1layer abovz *he LND
sarved o cffset a portion of the mid-lavel increases.

In the upper troposphere, vorticity values increased as
the jet core propagated into the budget volunme. Additicnal
increases ¢f smaller magritudes were evident from vsrtical
redistributicn from the surface layer. These two processes
combined tc mcre than offset negative vorticity due to the
increased divergence. Thus, upper level forcing was
available for suzface develcpment.

The most significant <changes +to account for +he explo-
sivas develorment af+er 1318 GMT occurred in the upper
+roposphere. The small positive lateral +transport was a
balance between the mean mode (divergence} and eddy mcde
{(advection) ccentributions. large amounts of cyclonic shear
vorticity were advec*ed into “*he budget volume after 1306
GMT as the jet s*reak migrated into <he budget volume, The
correspoading divergence increases occurred 12 h later,
which served tc promote the explosive low-lavel development.
The maximum divergence established a2 time period later
sarved to ventilate the system and induce the maximum mass
outflow aloft, increasing the surface circulatiorn, and

promoting the explosive development.
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Mid-+roposphere vorticity increases after 1318 GHMT
resulted ¢prigarily from the divergence of <the vertical
transport and the wupward development of the mid-level
diffluent trcugh from thermal advection. The sa*ellite
sequence in Chapter 4 indicates that convection beccnmes
intense2 and widespread during <the pericd due *o vertical
stretching in tbhe mid-trcposphere induced by the increased
upper-level divergence. Vertical stretching ac<s to cocl
“he widdle trcposphere and destabilize the vertical columns.

in the lowsr troposphere, intense circulation increases
resulted frcm the induced upper-level forcing associated
with the jet streak rmoverent into *ths budget volunme. The
net vorticity increases rasults <from *th2 2xcess of <+he
lateral transgcr+ over the frictional dissipation. lthcugh
+he friczicnal effects increased at about “he same rate and
to the same magnitude as *he lateral <transport, there was a
lag cf 12 h. When the upper level forcing ard vantilation
decreased as the surfaces center was removed from the Jje+

influerce, the system dissipated after 1506 GMT.
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VII. CONCLUSICNS AND RECCMMENDATIONS

A syncptic investigation was conduc=2d of a Wes*ern
Pacific case of extratropical explosive cyclogenszsis during
12-17 January 1979. Storm relat2d mass and vorticity budg-
ets were computed for the cyclone using +the ECMWF FGGE
analyses. Overall storm development f2atures were examined
and discussed.

The following significant results ware daveloped:

e Maximum circulation increases due to_rapid pressure
falls match well t2mpcrally and spatially to maxima in
+the surface layer inward mass transport (convergence)
and upper-level cutward transport (divergence).

e PVA in the mid-tropcsphere in the form of_ short wave
interaction, in combination with <+thesrmal advection
effects, enhances _ +the srganization of the 1low-level
circulatica in +the initial stages of developmen+;

e The initial shor% wave interaction decrszases after th2
ini+ia]l] rpeziod while surface development_ continues.
Pxplosive develogment sccurs coznc;dentallg with the
migraticn of a s-rong et streak into the budget vol-
ymeé, which provides the necessary upper-level forcin
from divergeace and shear vorticiry advection. | _Th2
lack of 271 upper-level migratory Short wave eviien<
during explosive developm2n% confirms Petcerssen type-A
devasldpment;

e The statility _analysis reveals trends ccnsistent with
numerical simgplations  (Sandgathe, _1981). Stabilit
decreases rapidly during suiface devalopment as  ¢ol
air was 6 drawn o¥ver the "warm sea surface. S<abili*y
valyes increased after maximum storm davelopment, as
cold air advecticn dcaminated the lcwer trcposphers.

e Mass transpcrt radial cross sections suggast explosiv:
development characteristics similar to those observed
in ¢tropical stozm iptensifica*ion with the £following

similarities: o« . lcw static s*tability in +the surface
layer 2. the availability of an oceadic heat sourcs,
3. s{rgng outflow (divergence alof+, and 4. streng

convecticn rear the inner radii;
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e The PGGE data set was _found to be lsss than optimum for
sugpo;tlng 6-h QLD budget analyses. The 0600 ard 1800

GMY time feriods contain sgurzous po«2ntial temperature
biases af ectlng all of <*he budget calculaticns., _  The
roblem alsc affects both initialized and uaninitalized
elds which sugges+s inaccurate analysis inputs to the

model first gquess.
Fecommendations for further research include:

e The O'Brien correcticn scheame applied <o the horizontal
mass transport should be examined to _establish a _more
optimum representaticn of the vertical motion fields:

e Purther efforts should ba made
impact cf the PGGE 0600 and 1800
thglr effects on rerpresented fie
set.

9 fully assess +the
§gT da+ta problams _and
“

1 in the FGGE da<*a

. Energg diagnqstic budget calculatiorns should be ccm-
glete on this cyclcné tc isolate the contribution of
hermal advectign, sensible heat aad latent hzat in the
explosive develcpment. Correct paramsterization of
these ingputs could serve as a basis for further ccupar-
isons _between eoxplcsive extratropical and tropical
torm formation.

Accurate and feliable forecasts of maritime =2xplosive cyclo-~
genesis will remain a difficult probleam until obs=zrvational
netwcrks are improved, 1la*ent and sensible heat £1lux inpu+s
to storm dynamics are better parameterized, and vertical and

horizontal mcdel resoluticns are improvad.
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AEPENDIX A

FGGE DATA EIAS CHARACTERISTICS

The fcllowing information is presented t¢ document thz
6-h FGGE data prcblem enccuntered in this study. As indi-
cat2d in Chapter S5, a significant high poten+ial “emperature
bias was <cbsesrved in the 850-500 ab layer at 1800 GMT 14
January. Several additional fluctuations were observed *o
occur at 0600 and 1800 GMT on other days. The2 nature of
these temperature biases radically affzcted the budget cal-
culations and precluded the planned use of a 6-h interval
format. The nature of the effects is shown in Pigs. S50 and
51. The top pcrtion of Pig. 50 is a 6-h -epresentation of
the vorticity *ime tendency *erm at radius six, whereas the
bottcm £ield is the inper volume budget residual. The sig-
nificant 6-h cscillations in both fields are indica*ive of
the difficulty encountered using QLD budget techrniguses on
this particular FGGE data set.

An 2ven more striking example of the <complexity of the
6-h data prcblem is shown in the inner volume stability
trace (Fig. 51). Notice the oscillation between maxima and

minima indicating the alternate warming and cooling
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tendencias in the 6-h fields. It is obvious that a synop<«ic
time scale intergretation c¢f this figurez is victually impos-
sible. The 1300-1500 GMT period is especially inter=ssting.
The 0600 and 1800 GMT stability values are markedly larger
than at 00uJ and 1200 GHMT. Tﬁe increased stabil+iy during
thase times cccurs fronm wvwarm biases in <+he @mid-level
potertial temreratures, as shown in Fig. 27a and b.

To d2*teraine possible causes for +this 6~h data problenm,
specific mid-tropospheric observational data available as
input to the PGGE analysis schems at 1418 GMT was studied.
The cbservations consisted solely of satellite input (micro-
wav2 and infrared wavelengths). Close scrutiny of the sat-
€llite input in ccmparison with +the FGGE gridpoint estimates
ravealed in<eresting discrepancies. The €£inal FGGE
potential temperature analysis was 5-7 K higher than the
associated satelli-e data in the southwest quadrant of <%he
budge+ volunme. In all other regions «<h2 soundings and the
P5GE fields matched vary closely. In addi«ion, potential
+agpperature hkiases of smaller magnitudes ware evident at the
1800 GMT *ime period on cther days (Fig. 27).

FPurther insight is gained by an inospection of the unini-

tialized height fields (+through the thickness analyses in
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Figs. 16c, 19c and 22c). These fields also.show fluctua-
+ions of the same scale occurring at the 1800 GMT tinme
frame, as tikis thickness field derparts markzdly <from the
pre2ceding ard subsequent analyses. It is obvious that the
6-h data problem affects toth initialized (potential temper-
ature) and uninitialized (height) fields. Th2 evidsnce pre-
sented above suggests that a problem existed in the analyzed
potential temperature fields used in the first guess, and
that the nature c¢f the prchblem was not ideatified during the
PGGE data pcst-processing evaluations.

Further suppert °f these conclusions is presented by
Paegle (1983), who summarized features of the FGGE data set
in *ropical regicns. Lover “ropospheric temperatures biases
on the order c¢f 2-3 degrees were found for some tims peri-
ods, which were presumakly from *he lack of conventional
data input at the 1800 GMT +times. In addition, <+he ECHMWF
foracast model was shcwn t¢ be insensitive <o diurnal temp-
erature changes over land. To wha*+ degre2 this is evident
over cceanic areas is still urncertain.

In summary, it is believed that the spurious warming at
1800 GMT tetween 850 and S00 mb is due to a problem with the

PGGE analysis schenme rather <+han a lack of quali+
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observations. The igpact of this assessment or the resul:s
of +his thesis cannot be fully ascer+ained from the prelimi-
nary cbservaticns discussed here. Detail=d inves<igaticn
into specific analysis fields used in the irst guess must
be dcne level by level tc fully assess the2 impact of this

6-h data problea.
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Availability of FGGE Data

AEPENDIX B

TABLES

TABLE I

(Prom Bengsston, 1982)

U

Mo Mo KoM M oM M X X M XK R K
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Liszirg of Analyses and Prognoses Utilized

LEVEL

sea-level

s2a-level

sea-surface

500-mb

TABLE II

I¥PE

pressure

pressure

tepperature

heights
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TABLE III
Generalized CLD Budget Equation in Isobaric Coordinates

(After wash, 1978)

100 mb

/ f / fr sinB dadB (-dp)

1000 mb O O

where F is the volurme integral of the desired budget property f.
The budget equation is

g: LT(£) + VI(£) + S(£)

where the lateral tramsport is

100 mb 27

LT(f) = [ / (L-w)B frsinB doz(-dp)lB

1000 ob O

and the vertical redistribution is

100 mb
VT(f) = / j [ -;— {wf) r2 sin8 dad8 (-dp) .
1000 mb O

The source/sink term is

100 mb 8 2w

w11

1000mdb 0 O

g—f_— r2 sinB dadd (-dp)

0q |~
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TABLE 1V
QLD Mass Budget Equations in Isobaric Coordinates

(After Wash, 1978)

The Definition

M= /érz sinf dadRfdp

v
p

where £ = 1 .,

The Budget Equation

-CTE = 1T + VT ,
where
Lateral Transport
nT 2w
LT = - f f -é' (U—w)B r sinBB dadp IBB
n, 9

B

Vertical Transport

B 27
VT = i (w-w,) r2 sinB dadB |
8 B P
0

de
de * B dt
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TABLE V
QLL Circulaticr Budget Equations in Isobaric Coordinates

(After Wash, 1978)

Section A
100 mb B8 s

1 2
Ca = / f f E Ca r" sinB dadf (-dp)

1000mb 0 O

where Ca is the absolute circulation and ca is absolute vorticity.

The budget equation is
CCa
Ic S LT + DVT(Z)) + S
where the lateral transport is ’ |
100 mb B 2n

1 .
L'I‘(Ca) = /‘ f f 2 (E—H)B car sinB dc:t(—dp)lB

1000 0 O

and the divergence of the vertical transport is
B 2
13 2
DVT(Ca) / [ 2 3p (w £,) r” sind dad8 .
0O O

The source/sink term is

100mb 38 27
S(g ) = -l--d—c—a 2 inf dadB (-dp)
a g dt r si p) .

1000mb 0 O
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TABLE V (Cont)

Section B

The partitioned form of the vorticity budget equation is

G(Ca) .
3t = + LT (Ca) + DVT (Ea) + S (Ca)
-1 1 vertical vertical

mean mode | eddy mode divergence advection

—t— ° f T

L
divergence tilting frictional
horizontal horizontal term term dissipation
divergence advection

The above partitions make use of Stokes' theorem

fﬁa9°9d2=//V'§a9M,

A

and the division of total flux (U Ca) into divergent and advective
components, -

V-;a U=z, (Vo) + u-v L, -
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TABLE VI
Mean and Eddy Mode Transport Eguations

(After Conant, 1982)

100 mb 27
M) = 1.t .
z) = g ba (U-W)g T osind da(-dp)| g
1000 mb 0
100 mb 2
_ 10
™) = / f g ¢, @ H)B r sinB da(--dp)lB
1000mb O
100 mb 27
m( ;. * *
ga) 2 g, (EJ-VLI)B r sin8 du(-dp)[8
1000 mb O
100 mb 27
1l -0 -0 .
Mi(g) = [ / T &a (P-E-”B r sin8 dct.(—dp)[B
1000 mb O

M is the eddy mode and MM is the mean mode.

2n

Note that ( )* = -'21; [ ( ) de
0

® —
and ¢ ) =( )= ()" 1s the deviation of the property

from its mean around a lateral boundary.

99

2o vae

[T



AEPENDIX C

FIGURES
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Figure 5.

CMSE Visual Satellite Imaqary for 0041 GMT 12
Janpuvary 1979. labels are Inulgleqt Systen
égltgzggndary Cevelcping ystem (C) PVA Area
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Figure 6.

DMSF Infrared Satellite Imaq ty for 0041 GMT 12
January 1979. labels are é ) Inc 181 ent System -
yst

B) Secondary Ceveloping

en
petrean. ¢

) PVA Area
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Figure 17.
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Figure 46,

Same as Figure 37 except for Vertical vorticity

Advection.
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